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SECTION  I 


INTRODUCTION 


Raw  material  cost  represents  a  significant  portion  of  overall  gas  turbine  engine  component 
cost,  particularly  in  those  components  requiring  relatively  scarce  and  expensive  metals  such  as 
nickel-base  superalloys  and  titanium.  The  high  quality  requirements  of  the  aerospace  industry 
have  frequently  resulted  in  inefficient  use  of  raw  materials.  More  than  7  of  every  10  tb  of 
aerospace  raw  material  becomes  scrap  during  component  fabrication  operations.  Failure  to 
effectively  recycle  this  scrap  back  to  the  aerospace  industry  represents  a  large  cost  burden. 
Aerospace  materials  are  bought  fo:  dollars-a-pound  as  raw  material  and  sold  for  cents-a-pound  as 
scrap,  predominantly  to  nonaerospace  users.  In  addition  to  this  cost  burden,  the  dependence  on 
imported  materials,  in  an  emerging  era  of  shortages,  is  of  growing  concern.  These  problems  can 
be  relieved  to  some  extent  by  effective  scrap  recycling. 

The  primary  material  producers,  such  as  melters,  have  established  effective  in-house  scrap 
handling  systems  based  on  internal  control  of  revert  material  quality;  however,  much  of  the  scrap 
generated  by  secondary  processors  is  sold  to  dealers  who  apply  processing  methods  to  upgrade  the 
scrap  for  available,  frequently  nonaerospace,  markets.  Titanium  turnings  with  potential  tungsten 
carbide  tool  hit  contamination,  and  mixed  alloy  lots  of  nickel-base  alloys  or  titanium  alloys,  are 
typical  examples  of  scrap  forms  having  a  well  established  nonaerospace  market,  but  only  limited 
available  reclamation  alternatives  for  upgrading  to  aerospace  quality  standards.  A  strong 
incentive  exists  for  establishing  reclamation  methods  for  these  materials. 

This  three-pha.se  program  that  was  conducted  by  P&WA  under  AP'ML  contract  sought  to 
establish  .scrap  reclamation  under  two  general  approaches;  (1)  .scrap  management,  and  (2)  scrap 
reclamation  technology.  Scrap  management  concepts  include  the  handling  of  scrap  in  a  manner 
to  optimize  its  reclamation  potential,  and  identification  of  methods  to  increase  scrap  utilization 
without  compromising  required  material  quality.  Scrap  reclamation  technologies  include 
establishment  of  separation  methods,  melting  methods,  etc.,  to  upgrade  scrap  quality. 

The  program  plan  is  summarized  in  Section  11. 


SECTION  II 


PROGRAM  PLAN  SUMMARY 


A  three-phase  program  was  conducted  to  establish  production  capability  for  upgrading 
titanium  alloy  and  nickel-base  superalloy  scrap.  The  program  consisted  of  parallel  scrap 
management  and  reclamation  technology  efforts.  A  program  flow  chart  is  presented  in  Figure  1 
to  identify  program  tasks  and  subcontract  efforts. 

The  program,  as  shown  in  Figure  1.  represents  a  broad  approach  to  the  scrap  reclamation 
problem,  involving  both  titanium  and  nickel-base  alloys  in  various  forms.  Basically,  the  plan 
comprises  four  major  lines  of  effort;  (1)  scrap  management;  (2)  evaluation  of  sy.stems  for 
separation  of  titanium  and/or  nickel-base  superalloy  chips;  (.3)  evaluation  of  nonconsumable 
melting  processes  for  titanium  chips;  and  (4)  evaluation  of  a  chemical  process  to  improve  the 
purity  of  nickel-base  alloy  grindings,  and  sludges.  Detailed  experimental  investigation  was 
required  for  evaluation  of  scrap  reclamation  methodology.  The  program  plan  pre.sents  an 
overview  of  the  investigation;  details  of  experiments  and  evaluations  as  the  experiments  were 
conducted.  The  following  paragraphs  detail  the  work  content  of  the  program  by  phase. 

A.  PHASE  I 

The  objective  of  Phase  I  was  to  investigate  and  .select  the  most  promising  method  for  the 
management  and  reclamation  of  scrap  titanium  alloys  and  nickel-base  superalloys. 

1.  Management  System 

The  cornerstone  of  a  successful  scrap  reclamation  approach  must  be  an  overall  scrap 
management  system  which  carefully  considers  available  technologies,  process  economics  and 
quality  control  requirements.  The  management  system  should  provide  control  of  scrap  from  its 
point  of  generation  to  its  reintroduction  back  into  the  raw  material  supply  system.  Accurate 
information  on  the  character  and  availability  of  scrap  is  a  prerequisite  to  the  establishment  of 
such  a  system.  In  consideration  of  this,  a  Phase  1  scrap  management  effort  consisting  of  the 
following  elements  was  planned. 

1.  Seminar  —  A  scrap  reclamation  seminar  was  held  at  the  inception  of  the 
program  to  provide  a  forum  for  information  exchange  and  discu.ssion  of  scrap 
reclamation  concepts  by  a  broad  spectrum  of  the  aerospace  industry.  A  brief 
description  of  the  seminar  is  contained  in  Section  of  this  report.  A  .seminar 
summary  report  was  distributed. 

2.  Survey  —  A  survey  was  conducted  to  determine  the  character,  quality, 
disposition  and  domestic  availability  of  titanium  and  nickel-base  superalloy 
scrap  generated  by  the  aerospace  industry.  Suisman  and  Blumenthal  played 
a  major  role  in  conducting  this  survey.  The  membership  of  Suisman  and 
Blumenthal  in  national  scrap  dealers  associations,  and  their  in-depth 
knowledge  of  a  broad  spectrum  of  the  industry  enabled  efficient  accumula¬ 
tion  of  information.  P&WA  assisted  in  determining  specific  types  of  survey 
information,  as  required.  It  is  believed  that  this  was  the  first  such  broad 
survey  of  scrap.  The  survey  also  included  a  forecast  of  any  significant 
changes  in  the  character  or  quantities  of  scrap  which  may  affect  the 
establishment  of  reclamation  technologies.  For  example,  the  change  in  scrap 
character  to  be  anticipated  with  the  expanding  usage  of  Borazon  tool  bits  was 
assessed. 
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3.  Review  of  Industry  Controls  —  It  is  recognized  that  a  significant  restraint  to 
the  increased  utilization  of  scrap  is  the  controls  imposed  either  by  raw 
material  suppliers  on  themselves,  or  by  the  users  on  raw  material  suppliers. 
The  sensitive  and  frequently  proprietary  nature  of  these  controls  precludes  a 
specific  detailed  accounting  of  industry  scrap  controls.  P&WA,  however, 
sought  general  information  on  industry  controls,  and  reviewed  general 
policies  which  have  a  major  influence  on  the  utilization  of  scrap.  Specific 
controls  which  preclude  or  limit  the  use  of  scrap  were  defined  and  reviewed, 
where  possible. 

4.  Review  of  Available  Technologies  —  P&WA.  in  reviewing  and  selecting 
technologies  for  investigation  in  this  program,  identified  several  technologies 
which,  due  to  insufficient  current  development,  uncertain  economic  poten¬ 
tial,  or  prohibitive  funding  requirements  to  establish  the  process,  were 
considered  inappropriate  for  inclusion  in  the  program.  For  example,  an 
Electrostag  Melting  System  (ESR)  has  potential  for  reclamation  of  various 
forms  of  contaminated  nickel-base  alloy  scrap;  however,  it  was  not 
sufficiently  developed  to  be  included  in  this  program.  An  up-to-date 
assessment  of  rapidly  emerging  scrap  reclamation  processes,  in  addition  to 
an  assessment  of  the  technologies  to  be  investigated  in  Phase  I.  was 
conducted  prior  to  selection  of  technologies  to  be  investigated  in  Pha.ses  II 
and  III. 

ji 

5.  Definition  and  Implementation  of  a  Model  Scrap  Handling  System  —  An 
initial  survey  of  the  scrap  reclamation  problem  indicates  that  a  significant 
amount  of  aerospace  scrap  is  downgraded  beyond  potential  reclamatitSi  for 
aerospace  uses  by  inadequate  scrap  handling  procedures.  Some  aerospace 
vendors  receive  little  or  no  compensation  for  the  value  of  scrap  removed  from 
their  plants  by  secondary  metal  p.roce.s.sors.  These  problems  highlj^ht  the 
need  for  an  educational  program  in  the  aerospace  industry  to  maintain  the 
maximum  potential  for  reclamation  of  scrap.  P&WA  subcontracted  to 
Suisman  and  Blumenthal  the  tasks  of  defining  a  model  system  for  the 
handling  of  scrap  by  the  generator.  Suisman  and  Blumenthal.  who  provide 
both  plant  pick-up  service  and  conduct  subsequent  processing  of  scrap,  were 
qualified  to  carry  out  this  task.  The  model  system  was  documented  by  a 
specification  or  .set  of  guidelines  and  an  educational  brochure  (A-ppendix  A). 


2.  Technologies  Investigated 

Parallel  to  the  establishment  of  a  management  system  in  Phase  1,  scrap  reclamation 
technologies  were  investigated.  Technologies  investigated  were  in  some  cases  alternatives,  and  in 
these  cases  a  single  technology  was  selected  for  continuation  and  scale-up  in  Phase  II,  as  reflected 
in  the  program  flow  chart  (Figure  1).  The  Phase  I  scrap  reclamation  technologies  that  were 
investigated  are  as  follows: 

1.  Two  density  separation  methods,  i.e.,  the  AVCO  ferrofluid  method  and  the 
Frankel  fluidized  bed  method,  were  investigated.  The  AVCO^method  was 
applied  to  both  titanium  and  nickel  while  the  Frankel  method  was  applied  to 
titanium  only.  The  AVCO  ferrofluid  proce.ss  accomplishes  separation  by 
introducing  scrap  into  a  fluid  in  which  a  variable  apparent  fluid  density  may 
he  induced  magnetically.  Separation  is  achieved  by  the  controlled  sinking  or 
floating  of  known  density  scrap  constituents.  The  Frankel  system  utilizes  an 
air  fluidized  bed  to  achieve  an  apparent  density  medium  for  separation  of 
scrap  by  rising  or  sinking.  The  ability  of  these  processes  to  cost-effectively 
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separate  contaminants  from  scrap  was  assessed  by  a  series  of  experiments 
utilizing  scrap  with  known  contamination.  The  Frankel  fluidized  bed 
separation  method  was  later  selected  for  Phase  IT  scale-up. 

2.  Two  nonconsumable  melt  processes  were  investigated:  the  Teledyne- 
Schlienger  rotating-electrode  system,  and  the  AIRCO-Temescal  electron- 
beam  cold-hearth  melting  .system.  These  systems  each  have  the  potential  to 
remove  high-density  contaminants  by  entrapment  with  a  melt-skull,  and 
each  provides  a  capability  for  introduction  of  large  quantities  of  scrap  into 
the  melt.  The  electron-beam  cold-hearth  system  is  currently  being  applied 
successfully  to  the  reclamation  of  Ti-5Al-2>  jSn  scrap  to  a  commercial 
product,  not  requiring  chemistry  control.  The  capability  of  this  process  to 
produce  controlled  chemistry.  aerosp;^ce  quality  ingot  from  Ti-6A1-4V  scrap 
input  material  was  assessed  in  Phase  I.  Evaluation  of  the  Teledyne 
nonconsumable  melt  process  did  not  require  any  contract  effort  during 
Phase  I  and  was  based  on  the  results  of  AFML  Contract  F33615-72-1126.  The 
Teledyne  nonconsumahle  melt  system  was  selected  for  Phase  II  scale-up. 

3.  A  molten  salt  bath  process  developed  by  Frankel  Ctimpany  was  investigated 
for  purification  of  nickel-base  superalloy  grindings  and  sludges.  This  process 
was  evaluated  for  its  potential  to  reclaim  segregated  grindings  for  subsequent 
vacuum  melting.  The  highest  potential  for  recovery  of  sludges  by  this  process 
would  be  a  pure  multi-element  master  alloy.  The  molten  salt  purification 
proce.ss  has  been  demonstrated  to  be  efficient  on  a  small  scale  but  has  not 
been  evaluated  under  full-scale  industrial  conditions.  Grindings  and  sludges 
which  pass  through  the  molten  salt  purification  process  come  out  as  a  dry 
substance  containing  only  metallic  and  inorganic  particles,  particularly 
grinding  compounds  like  carborundum  or  aluminum  oxide  particles.  These 
inorganic  particles  can  be  separated  from  the  metallic  particles  by  gravity 
separations  similar  to  the  ones  utilized  in  the  ore  industry.  The  thus  purified 
metal  particles  are  sufficiently  pure  to  be  remelted  in  furnaces.  In  cases  of 
certain  metallic  sludges  where  the  metallic  content  (mainly  nickel  content) 
is  in  oxide  form,  these  oxides  can  be  reduced  to  metallic  form  in  regular 
smelting  furnaces. 

4.  Evaluation  of  reclaimed  material  during  Phase  1  included  extensive  chemical 
analysis  of  processed  scrap  and  sub-scale  ing<'ts.  NDl  of  converted  barstock 
from  ingots,  and  selective  mechanical  properties  determination. 

B.  PHASE  II 

The  objectives  of  Phase  II  were  to  establish  the  scrap  reclamation  i)rocesses  for  titanium  and 
nickel-base  su[)erallovs  that  were  shown  in  Pha.se  I  to  be  most  [jromising;  to  evaluate  (he  proce.ss 
variables  and  accomplish  the  necessary  refinements;  and  to  conduct  preliminary  testing  of  the 
product  after  the  reclamation  cycle  was  established. 

Evaluation  of  the  scrap  management  systems,  established  in  Phase  1  and  reclamation 
technologies  selected  during  Phase  1.  were  continued  in  Phase  II.  1’he  model  scrap  handling 
system  defined  in  Phase  I  was  implemented  and  refined  at  the  plant  of  a  selected  generator  o( 
titanium  and  nickel-base  alloy  scrap  during  Phase  11.  The  practicality  of  the  s.\stem  was 
determined  and  suitable  refinements  incor|Ktrated. 
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The  scrap  reclamation  technology  effort  in  Phase  II  was  as  follows: 

1.  The  Frankel  density  separation  method  and  Teledyne’s  nonconsumable 
melting  method,  selected  during  Phase  I.  were  established  and  evaluated  on 
a  production  scale  basis  and  were  applied  sequentially  for  Ti-6A1-4V  chips  to 
establish  a  complete  titanium  reclamation  system. 

2.  Two  5000  tb  lots  of  titanium  chips  were  processed  by  the  density  separation 
method. 

3.  Two  50(X)  tb  26-in.  dia  titanium  ingots  were  produced  utilizing  scrap 
processed  by  the  density  separation  method. 

4.  Evaluation  of  reclaimed  material,  during  Phase  II.  included  chemical 
analyses,  NDI  of  converted  barstock  and  billet,  and  selective  mechanical 
properties  determination. 

5.  The  TF33  second-stage  fan  disks  (Ti-6Al-4\')  were  forged  from  converted 
billets.  These  forgings  were  evaluated  in  Phase  111. 

6.  The  molten  salt  purification  process  was  subject  to  further  investigation. 

Two  800  tb  lots  of  grindings  and/or  sludge  were  processed,  melted  to  ingots, 
and  evaluated,  primarily  by  chemical  analysis. 

C.  PHASE  III 

The  objective  of  Phase  III  was  to  verify  and  establish  the  reliability.  rcproducibilit,\'.  and 
economy  of  the  reclamation  process.  Evaluation  of  the  scrap  management  system,  refined  during 
Phase  II.  and  the  reclamation  technologies  established  during  Phase  II,  was  also  continued.  In 
addition,  the  scrap  handling  ,sysiem  established  during  Phase  II  was  evahiated  by  comparing  the 
amounts  of  scrap  recyclable  from  the  selected  generator  back  into  the  aerospace  material  supply 
system  before  and  after  implementation  of  the  system. 

The  scrap  reclamation  technology  effort  in  Phase  III  was  as  follows: 

1.  A  (i()(K)  tb  lot  of  Ni  grinding  sludge  was  refined  and  a  cost  analysis  ol 
processing  was  (X“rformed. 

2.  Mechanical  properties  of  the  Ti  (iAl-4\’  forgings  produced  during  Phase  II 
were  determined  and  compared  to  P&WA  spe<  ifications. 


SECTION  III 


MATERIAL  SELECTION 


The  primary  materials  utilized  for  investigation  of  reclamation  methods  were  a  titanium 
alloy,  Ti-6A1-4V  and  a  nickel-base  superalloy,  Waspaloy.  A  limited  effort  was  conducted  on  other 
titanium  alloys  (Ti-8Al-lMo-lV  and  Ti-6AI-2Sn-4Zr-2Mo)  and  superalloys  (Inconel  718,  Incoloy 
901,  and  A-286)  to  determine  compatibility  with  the  separation  reclamation  processes,  Ti-6A1-4V 
scrap  was  selected  becau.se  of  the  preponderance  of  this  alloy  in  the  scrap  market.  Waspaloy  was 
selected  as  a  representative  of  the  widely  used  precipitation  hardenable  nickel-base  superalloys, 
and  because  of  the  high  degree  of  quality  required  of  the  alloy  in  its  primary  utilization  in  critical 
rotating  hardware. 

Scrap  utilized  in  this  program  was  obtained  from  a  common  source  in  order  to  eliminate  the 
scrap  as  a  variable  while  evaluating  alternative  reclamation  methods  in  Phase  I.  Frankel 
Company,  a  leader  in  the  scrap  processing  industry,  provided  scrap  to  all  subcontractors.  Scrap 
to  be  utilized  for  the  majority  of  Phase  1  experiments  was  obtained  by  Frankel  from  Suisman  & 
Rlumenthal  under  their  plant  service  contract  with  P&WA.  Frankel  provided  a  limited  amount 
of  scrap  from  their  own  inventory  to  meet  special  small  lot  program  requirements.  Particular 
attention  was  given  to  the  scrap  selection  to  ensure  that  this  material  was  representative  of  the 
bulk  aerospace  scrap  .supply  in  terms  of  form,  chemistry  and  life  cycle.  The  Ti-6A1-4V  scrap  form 
selected  for  the  majority  of  the  program  experiments  was  a  mix  of  flat-to-curled  crushed  turnings 
in  the  medium  bulk  density  range  (i.e.,  l.o-80  tb/cu  ft ).  A  sample  of  the  Ti-6A1-4V  scrap  selected, 
as  obtained  by  Frankel  from  Suisman  and  Blumenthal  for  processing,  is  shown  in  Figure  2,  The 
selected  Waspaloy  scrap  was  obtained  by  Frankel  in  a  noncrushed  form. 

Analyses  of  Ti-6A1-4V  and  Waspaloy  scrap,  before  Frankel  processing  are  listed  in 
Table  1.  Applicable  specification  chemical  analyses  are  included  for  comparison.  The  Waspaloy 
scrap  deviates  from  specification  because  of  bismuth  content,  a  typical  superalloy  scrap 
contamination  problem.  The  Ti-6A1-4V  scrap  deviates  from  specification  because  the  total 
percentage  of  nonspecified  elements  exceeds  0.4' i.  again  a  typical  problem.  The  Aqua  Regia 
soluble  measurements  provide  a  specific  indication  of  contaminants  in  tbe  Ti-6A1-4V  scrap,  as 
most  contaminants  are  soluble  while  the  titanium  alloy  is  unsoluble  in  this  acid  medium.  The 
ratio  of  Aqua  Regia  soluble  Ni  to  Cr  indicates  more  superalloy  contamination  than  stainless  steel 
contamination  for  this  lot.  Bulk  densities  are  also  listed;  however,  it  was  not  possible  to  measure 
the  bulk  density  of  Waspaloy  before  processing  becau.se  the  scrap  was  not  in  a  crushed  condition. 

The  scrap  material  utilized  in  Phase  1  was  processed  by  Frankel  Company  and  was 
distributed  to  applicable  subcontractors.  The  processing  .steps  are  listed  in  Table  2. 

The  Ni  grinding  sludge  refined  and  evaluated  in  Phase  III  was  obtained  from  the  Vac-Air 
Alloys  Corp.,  and  represents  nonsegregated  Ni-ba.se  superalloy  grinding  sludge. 
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TABLE  1 

SPECIFICATION  VS  PREPROCESS  ANALYSES  (TI-6AL-4V 
AND  WASPALOY) 


T i  '6A  l‘4V  Waspa  lox 

AMS  492H  rWA  !(K)7 

Spec _ f^eprocess _ Spvv _ Preprocess 


Density  (tb/fD) 

25  tb/lf 

— 

Oil  and  Moisture 

19.6 

2.0 

Majjneties 

0.4 

0.1 

Free  Al 

so.as 

Ni 

R*** 

R 

Oi 

12.0  to  15.0 

13.5 

Fe 

0,:t  Max 

2.0  Max 

i.;io 

Ta 

<0.1 

M(i 

- 

3.5  to  5.0 

4. (HI 

(> 

18.0  to  21.0 

19.3 

Ch 

•^^0.05 

<0.1 

Zr 

0.05 

0.02  to  0.12 

0.05 

'I'i 

R... 

K 

2.75  to  3.25 

3.09 

\’ 

to  4.50 

5.85 

<0.1 

Ml) 

- 

0.75  Max 

0.07 

('ll 

0.10  Max 

0,03 

W 

<0,1 

Al 

5.5  to  6.75 

— 

1.2  to  1.6 

Si 

0.75  Max 

— 

(■ 

0.10  Max 

_ 

0.02  to  0.10 

— 

s 

0.02  Max 

-- 

ini 

s  0.05 

10.0  ppm  Max 

- 

Hi 

0.5  ppm  Max 

-■ 

B 

0.003  to  O.OIO 

— 

Sn 

0.5 

— 

0, 

0.20  Max 

— 

Hi 

125  ppm  Max 

— 

Ni 

5(K)  ppm  Max 

— 

Mr 

— 

Fe(ARS)*’ 

0.1 

Ni(ARS) 

0.3 

ri(ARS) 

0.1 

Other 

0.4  Max 

0.6 

*  I’itanium  scrap  was  received  in  crushed  condition  with  a  bulk  densitv  of 

16.1:  recrushing 

of  this  scrap  by  Frankel  resulted  in  a 

bulk  density  of 

25. 

**ARS  Aqua  Rfgia  Soluble. 
Remainder 


-  To  he  determined  at  post  process  analyses 


TABLE  2 

SCRAP  PROCESSING  STEPS 

_ Ti-6AI-4V _ Waspahy _ 

Double-crush  in  ring-type  Same 

mechanical  crusher 

Continuous  sample  (100  tb  per  loti  Same 

diverted  by  crusher 

Bulk  density  determination  Same 

Procedure  several  S  tb  arc  Produce  17  tb  VIM  ingot 

melted  buttons 

Prepnicessing  chemistry  determination  Same 

Hot  detergent  alkaline  wash  Vap<)r  degrease 

Screen  elimination  of  10-mesh  Same 

or  lower  material 

Permanent  magnet 

Medium  intensity  electromagnet  Same 

High  intensity  (12.077  gauss) 
electromagnet 

Melt  ingot  from  drill  auger  Same 

chip  sample 

Post -processing  chemistry  determination 


Same 


SECTION  IV 


STRATEGIC  MATERIALS  RECLAMATION  SEMINAR 


The  Strategic  Materials  Reclamation  seminar  was  held  at  the  Holiday  Inn,  Hartford, 
Connecticut,  14-15  May  1974.  The  seminar  was  hosted  by  P&WA  in  partial  fulfillment  of  the 
Strategic  Materials  Reclamation  contract.  The  objective  of  this  seminar  was  to  provide  an 
overview  of  the  current  titanium  and  superalloy  scrap  situation  and  to  identify  new  concepts  for 
increased  utilization  of  scrap  materials  for  aerospace  components. 

This  seminar  represented  one  of  a  continuing  .series  of  seminars  seeking  to  further  define  the 
general  conclusions  of  the  Air  Force/Ir.dustry  Manufacturing  Cost  Study  Seminar  held  at 
Sagamore,  New  York.  The  inefficient  utilization  of  aerospace  raw  material  and  the  failure  to 
effectively  recycle  scrap  back  to  the  aerospace  industry  were  cited  by  the  Sagamore  Conference 
as  a  significant  manufacturing  cost  factor.  This  seminar  provided  the  opportunity  to  explore  in 
greater  depth  potential  cost  savings  through  the  reclamation  of  aerospace  scrap  and  to  define 
specific  areas  for  future  AFML  funding  consideration. 

Seminar  participants  included  representatives  of  the  Air  Force.  Navy,  Bureau  of  Mines  and 
Aerospace  industry,  including  .scrap  dealer/processors,  melters.  forgers,  casting  producers  and  gas 
turbine  engine  manufacturers.  Forty-two  individuals  representing  2.5  organizations  attended.  The 
two-day  agenda  included  one  session  of  keynote  presentations,  two  sessions  of  panel  workshops, 
and  a  summary/recommendations  session.  F*articipants  were  divided  into  a  titanium  panel  and 
a  superalloy  panel  by  prior  arrangement  for  the  workshop  sessions.  Panel  chairmen  guided  the 
workshop  di.scu.ssions  utilizing  a  discussion  outline,  collectively  established  by  particpants  prior 
to  the  seminar,  and  reference  material  submitted  by  participants  on  topics  assigned  prior  to  the 
seminar. 

The  seminar  achieved  its  objective  and  provided  u.seful  input  for  current  and  future  work  to 
lie  conducted  in  this  technology  area  under  Air  Force  sponsorship.  As  a  follow-up  to  this  meeting, 
participants  were  invited  to  discuss  their  individual  comments  or  recommendations  with  AFML. 

A  seminar  summary  reixirt  was  prepared  and  distributed. 
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SECTION  V 


MATERIAL  PROCUREMENT 

Approximately  10,000  tb  of  medium  bulk  density  Ti-6A1-4V,  and  1,300  lb  of  Waspaloy 
chips,  obtained  from  Suisman  and  Blumenthal,  were  processed  by  the  Frankel  Co.  for  Phase  I 
reclamation  experiments.  The  Ti-6A1-4V  chip  lot  was  divided  as  follows:  AVCO  received  2,700  lb 
of  fully -processed  chips,  1,100  lb  of  processed  but  unscreened  chips  and  600  tb  of  unprocessed 
chips;  AIRCO  received  4,000  tb  of  fully  processed  chips,  and  Frankel  retained  1,500  tb  of 
processed  chips.  The  Waspaloy  chips  were  all  allotted  to  AVCO.  Frankel  additionally  processed 
chips  from  their  own  inventory  in  order  to  fulfill  their  own  requirements,  and  those  of  AVCO,  for 
small  specialty  lots,  e.g.,  high-  and  low-bulk  density  Ti-6A1-4V,  contaminant -materials  and 
various  superalloys.  AVCO  scrap  requirements  are  listed  in  Table  3.  Required  chips  were  shipped 
to  the  subcontractors  in  mid- July  1974. 


TABLE  3 

AVCO  SCRAP  REQUIREMENTS  FOR  PHASE  I  OF  STRATEGIC  MATERIALS 

RECLAMATION  PROGRAM 


Hulk  Density 


Lnt 

Number 

Alloy 

Sourvc 

Range 
(Ih/cu  ft) 

Size  Ranfic 
(in.) 

Oil/Water 

Content 

Quantity 
Req  (fh) 

01 

Ti-fiAl-4V 

Frankel* 

20  to  .10 

1  to 

Net: 

2.7(Kl 

02 

Ti-6AI-4V 

Frankel 

20  to  .10 

.1 

*  •  • 

.100 

o;i 

Ti-6A1-4V 

Frankel 

20  to  :«) 

1 

Net; 

l.KX) 

04 

Ti-6AI-4V 

Frankel 

10  to  20 

1  to  '  - 

Net: 

1,2(KI 

ori 

Ti-6A|.4V 

Frankel 

:«)  to  40 

1  to 

Net: 

l.ltKI 

o« 

Ti-8AllMo-lV 

S&B” 

2.1  to  .10 

1  to 

Net: 

200 

07 

Ti-6AI-2.Sn-4Zr-2Mo 

Frankel 

2.1  to  .10 

1  to  '  • 

Net: 

2(X) 

08 

Ti-.'iAl-2..'iSn 

S&B 

2.1  to  10 

1  to 

Net; 

KXl 

09 

Wa,spaliiv 

Frankel 

Medium 

1  to  '  . 

Net: 

l.l(X) 

10 

IN  901 

Frankel 

Medium 

'  1  to  ' . 

Neg 

10 

11 

IN  718 

Frankel 

Medium 

to 

Net: 

10 

12 

I.  60.1 

Frankel 

Medium 

to  '« 

Neg 

10 

K1 

A  286 

Frankel 

Medium 

to 

Neg 

10 

14 

:104  Stainless  Steel 

S&B 

Medium 

1  to  '  « 

Neg 

2(X1 

•Chips  purchased  from  Suisman  and  Blumenthal  Inc.,  by  Frankel  Co. 
••Suisman  and  Blumenthal.  Inc. 

•••Not  controlled.  As-received. 
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SECTION  VI 

MATERIAL  PROCESSING  AND  ANALYSIS 


A.  TITANIUM 

1.  Processing 

Uncrushed  titanium  turnings  were  unhiaded  from  the  receiving  carrier  (truck  or  railroad 
car)  and  transported  directly  to  a  ring-type  crusher,  which  was  similar  to  a  hammermill  except 
the  crushing  was  done  with  rings  rather  than  hammers.  During  f)peration.  a  stream  of  water  was 
run  through  the  crusher  to  prevent  ignition  of  the  titanium  turnings.  A  conveyor  transported  the 
crushed  turnings,  referred  to  as  chips,  from  under  the  crusher  into  drums.  The  drums  contained 
a  sampling  tube  which  captured  a  chip  sample,  referred  to  as  the  crusher  sample.  This  chips  were 
held  in  the  drums  until  the  crusher  sample  (approximately  100  th)  was  evaluated  for  chemistry. 

After  the  crusher  sample  evaluation,  the  chips  were  subjected  to  further  processing.  The 
chips  were  cleaned  with  a  hot  alkaline  detergent  in  a  rotary  tumble  washer.  After  15  to  .10  min. 
depending  upon  the  condition  and  type  of  chips,  the  washer  dumped  (he  chips  into  a  hopper,  from 
which  a  conveyor  transported  the  chips  into  a  centrifuge.  On  the  conveyor,  the  chips  were  spray- 
rinsed  to  remove  all  traces  of  detergent.  The  centrifuge  removed  most  of  the  water  and  moisture, 
and  the  chips  were  then  conveyed  into  a  rotary  hot-air  dryer.  Dryer  air  temperature  was 
controlled  to  a  maximum  of  275°F  to  preclude  chip  ignition.  The  dryer  system  included  high- 
temperature-limit  switches  and  audible  and  visible  warning  devices.  The  chips  were  removed 
from  the  dryer  through  a  pneumatically-operated  air  lock.  The  exhausted  air  was  passed  through 
a  cyclone  separator  to  isolate  dust  entrapped  in  the  air  stream.  The  dust,  a  serious  fire  hazard, 
was  removed  from  the  cyclone  through  a  rotary  valve.  After  the  cyclone,  a  scrubber  removed  the 
last  traces  of  particulate  matter  from  the  air  stream,  thereby  meeting  .stringent  anti-pollution 
requirements.  The  titanium  chips  were  conveyed  from  the  dryer  to  a  rotary-magnet  separator, 
which  separated  the  tramp  iron,  chrome  steel,  tool  steel  and  larger  tungsten  carbide  particles. 
The  chips  were  then  passed  onto  a  double-deck  oscillating  screen,  which  simultaneously  removed 
the  oversize  particles  and  the  fines.  The  output  was  then  conveyed  into  shipping  containers 
(drums  or  boxes),  depending  upon  customer  specifications.  A  final  sample  was  obtained  by 
drilling  each  shipping  container  with  an  auger.  If  this  .sample  met  specification,  the  chip  lot  was 
approved  for  shipment. 

2.  Analysis 

The  titanium  crusher  sample  and  the  final  sample  were  each  quartered  down  to  one  500g 
and  three  lOOg  portions.  In  the  case  of  the  crusher  sample,  an  additional  200g  sample  was 
obtained  for  an  oil  end  moisture  and  magnetic  determination.  The  three  lOOg  portions  were 
melted  into  three  buttons  in  an  inert  atmosphere  arc  melting  button  furnace  (crusher  samples 
were  degreased  and  the  magnetics  removed  prior  to  melting).  The  melting  was  performed  in  the 
furnace  under  an  argon  atmosphere  with  a  nonconsumable  carbon  electrode. 

The  face  of  each  button  was  machined  flat  and  the  Mo.  Cb.  Zr,  V,  Mn  and  Fe  content  were 
determined  on  the  X-ray  spectrometer.  The  X-ray  spectrometer  was  calibrated  with  the  best 
available  standards  (NBS  Standards  were  used  where  available,  such  as  6A1-4V.  etc.).  Aluminum 
was  determined  by  Atomic  Absorption. 
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The  500g  portion  of  the  chips  was  leached  overnight  with  Aqua  Regia  to  selectively  dissolve 
most  of  the  common  nontitanium  alloy  contaminants,  e.g.,  stainless  steel,  nickel-base  alloys, 
aluminum  alloys.  After  filtering  off  the  titanium  chips  with  glass  wool,  the  solution  was  analyzed 
for  Ni,  Cr,  Fe  and  Al.  The  aluminum  determined  in  the  Aqua  Regia  solution  was  reported  as  free 
Al.  The  nickel,  chrome  and  iron  determined  in  the  Aqua  Regia  solution  was  reported  as  A.  R. 
soluble  Ni,  Cr,  Fe.  The  iron  determined  on  the  X-ray  spectrometer  was  reported  as  total  Fe.  due 
to  the  fact  that  it  represented  both  the  iron  contained  in  the  titanium  as  an  alloy  ingredient  and 
the  iron  contained  in  tramp  contamination  like  stainless  steel. 

On  the  final  sample,  an  additional  50g  portion  was  washed  with  ether  to  extract  all  residual 
oil  from  the  chips.  An  appropriate  aliquot  was  transferred  into  a  carbon  determination  crucible, 
and  the  ether  evaporated  at  low  temperature,  leaving  the  residual  oil  in  the  crucible.  After  adding 
carbon  free  iron  and  tungsten  accelerator,  the  carbon  was  determined.  This  percentage  was  the 
carbon  from  the  oil  left  on  the  chips  after  cleaning,  and  was  indicative  of  the  cleanliness  of  the 
chips. 

Table  4  presents  the  post -processing  titanium  lot  chemical  analyses,  and  for  comparison, 
the  previously-reported  preprocessing  crusher  sample  analy.ses.  and  specification  limits.  As 
.shown  in  the  table,  the  chemistry  of  post -process  scrap  does  not  differ  significantly  from  that  of 
preprocessed  scrap.  It  should  be  noted  that  since  magnetics  were  removed  from  the  preprocess 
sample  prior  to  chemical  analysis,  a  significant  reduction  of  contaminant  elements  would  not  be 
expected  in  the  post -processing  analysis.  The  medium  bulk  density  Ti-6A1-4V  overall  scrap 
chemistry,  however,  remains  deviant  from  specification  because  the  cumulative  percentage  of 
contaminant  elements  exceeded  the  allowable  limit. 

Proper  sampling  methods  arc  particularly  important  to  the  determination  of  scrap 
chemistries  because  of  the  potential  for  lack  of  homogeneity  in  scrap.  Initial  ‘‘grab  samples"  of 
the  medium  bulk  den.sity  scrap,  as  analyzed  by  Suisman  &  Blumenthal  and  by  Frankel.  differed 
somewhat  from  the  reported  crusher  sample  analysis.  The  grab  sample  data  is  not  reported 
because  established  sample  technique  was  not  applied.  The  chemistry  of  processed  Frankel  scrap, 
as  checked  by  one  subcontractor,  also  differed  from  the  reported  analysis,  particularly  in 
contaminant  element  level. 

B.  NICKEL  ALLOY 

1 .  Processing 

Uncrushed  nickel  alloy  turnings  were  unloaded  from  the  receiving  carrier  (truck  or  railroad 
car)  and  transported  directly  to  the  crusher.  The  turnings  were  crushed  in  a  ring-type  crusher,  as 
described  previously.  The  crushed  turnings,  i.e..  chips,  were  transported  from  the  crusher  by 
conveyor  through  a  chute  into  drums.  The  main  chute  had  a  small  side-chute  which  cut  out  a 
continuous  sample  from  the  chips.  This  sample  (approx.  100  Ih)  was  used  for  the  evaluation  of  the 
incoming  .shipment  (crusher  sample).  The  chip  lot  was  held  in  the  drums  until  the  crusher  .sample 
was  evaluated.  This  sampling  method  differed  somewhat  from  the  previously  described  titanium 
sampling,  i.e.,  the  use  of  a  aide  chute  was  impractical  because  of  the  heavy  moisture  content  of 
wet -crushed  Ti  chifw. 

After  the  evaluation  of  the  nickel  chips  sample,  the  chips  were  cleaned  in  a  vapor  degreaser. 
The  chips  were  fed  into  a  pan  su.spended  from  the  top  of  the  unit,  and  then  exposed  to 
trichlorethylene  vapors  while  traveling  up  and  out  of  the  unit  on  a  vibrating  spiral  conveyor.  At 
the  upper  portion  of  the  conveyor,  above  the  vapor  condensers,  the  chips  were  dried  by  steam 
heating  the  tracks  of  the  spiral  conveyor.  Vapor  degreasing  was  used  for  cleaning  the  superalloy 
chips  because  the  technique  has  demonstrated  acceptability:  the  newer  alkaline  wash  method  has 
only  been  ade<tuately  demonstrated  for  titanium. 
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TABLE  4 

FRANKEL  ANALYSIS  OF  TITANIUM  LOT  SAMPLES 


6Al  -tV  Chips 
(Medium) 
Crusher  Sample 

6AI-4V  Chips 
(Medium) 
Proc  Sample 

6Ai-4V  Chips 
(Heaiy) 

Proc  Sample 

6AI-4V  Chips 
(Light) 

Proc  Sample 

AMS  492H 

Oil  and 

19.6* 

•  » 

•  • 

•  • 

Moisture 

Carbon  Content 

otw. 

0  01'- 

0  014'^ 

of  Free  Oil 

Ma^netic^ 

0.4'; 

•  * 

•  « 

Bulk  Density 

•2.1 

1.1  a 

tb/ft* 

Al 

fi.w- 

0  70'  . 

b.-so' , 

1  10  In  fi.71' . 

Total  Fe 

0  .'tS' . 

0 

0  r>7' 

o.:('.  Max 

AR 

Soluble 

Ni 

i).:Vr 

0 

11  10' 

Cr 

0  1'- 

0  09'. 

0  08' . 

■  OO.S'. 

Fe 

0.1'- 

oil'. 

■  0  0.V- 

0  07' . 

Free  Al 

•  0.0.1'. 

■  oor,'. 

oor»'. 

0  LM' 

Pb 

Mo 

0  (in'  r 

■  0(1.V. 

0  i.v. 

0  0.V. 

0  Ji', 

0  18' 

•  0  ore , 

Cb 

•  o.(in' . 

•  0  o.v. 

0  Oa'. 

Zr 

(t.do' ' 

0  07'. 

0  tla' 

0  10' 

y 

M  ■ 

TO'  ■ 

:(  49' . 

.1  80' 

.'( ,'>o  tt»  4  r>0' 

Mn 

■  (1  on- , 

0  orv . 

(» tlV  - 

0  Oo' 

Sn 

(i.tin' . 

(Kt^V. 

0  ore 

O.O'v' 

-S, 

(' 

<b 

H, 

4.10  (ipni 

:t'to  ppm 

♦>oti  ppm 

.^^•o  pptn  Max 

0  10'  Max 

O'.”'  Max 

I'Jo  ppm  Max 

I'lital  of 

NonsfK‘rifi(rt!ion 

Klenients 

O.HO'. 

0.70' ■ 

0  r.r.' 

0  T.S' 

0  1  Max 

*  High  value  retb 
deterniinat  ion 

ets  wef  pr<K‘essin*f  of  <  < 

)f  as-received  moisture  content 

oj  df\ fbip  ifH'-  n 

•eiv  ei)  we-tht  enabli 

**  Not  measured 

values  (vpicallv  Hpl(*w  measurable  limits  after  pr*»»esMnL' 

From  the  detfreaser.  the  superalloy  chips  dropped  onto  an  oscillating  screen  which  removed 
the  dust  and  fines.  The  larger  the  mesh-size  of  the  screen.  th('  better  the  removal  ol  the  fines. 
Conversely,  the  losses  were  also  proportionately  larger,  since  the  fines  which  were  removed  from 
the  chips  were  applicable  for  refinery  purposes  only,  rather  than  lor  \  acuum  melt  applications, 
and  as  such  were  of  considerable  lower  value.  For  the  purpose  of  this  program  a  Itt mesh  screen 
was  used. 


From  the  screen,  the  chips  moved  onto  a  bell  conveyor,  passed  under  a  standard  cross  bell 
magnet,  then  under  a  custom-made  high-inlensily  electromagnet.  The  cross-belt  magnet 
removed  tramp  iron,  tool  steel,  chrome  steel  and  other  highl\  magnetic  contaminants.  The  high 
intensity  electromagnet  had  an  adjustable  field  up  to  I'J.iHXI  gauss  and  was  l  apable  of  removing 
e.'ttrernely  weak  magnetic  substances,  like  .’it);? stainle.ss  steel,  IncoPDl,  or  other  substances  which 
are  normally  considered  as  "nonmagnetic."  The  chips  passed  from  the  conveyor  directly  into  the 
shi|>()ing  containers. 

A  final  .sam|)le  was  taken  by  drilling  each  container  with  an  auger.  Shipment  of  t  he  material 
was  made  if  the  sample  evaluation  indicated  conformance  to  the  aiiplicable  specifications. 

2.  Analysis 

The  nickel  alloy  crusher  sample,  or  the  final  sample,  was  (|uar1ered  down  to  a  17  tb  lot,  and 
this  amount  was  then  melted  intoan  ingot.  In  the  caseofthe  crusher  sample,  it  was  melted  after 
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degreasing,  and  after  removal  of  the  magnetics  from  the  sample  in  the  laboratory.  The  melting 
was  performed  in  a  vacuum  induction  furnace  at  a  pressure  of  10  to  20/j.  The  melt  was  (loured  into 
a  tapered  ingot  mold,  which  is  approximately  M'j  in.  in  dia.  The  ingots  were  c(K(led  under 
vacuum.  After  removing  the  ingot  from  the  mold,  a  ‘  j-in.  slice  was  cut  from  the  lower  third  of  the 
ingot  with  an  abrasive  saw. 

The  ingot  slice  was  analyzed  on  the  X-ray  spectrometer  for  Ni.  To,  Fe.  Ta,  W.  Mo,  Cb,  O, 
Zr,  Ti,  V,  Mn  and  Cu.  The  X-ray  spectrometer  was  calibrated  with  the  best  available  standards 
for  each  alloy  (NBS  Standards  are  u.sed  where  available,  such  as  Waspaloy.  Inco  718,  Inco  901, 
Hastelloy  X.  etc.).  An  optical  emission  s()ectrogra(ih  was  used  for  the  determination  of  silicon, 
and  for  a  general  survey  of  any  extraneous  contamination.  Atomic  Absorption  was  used  for 
aluminum  determination.  Carbon  and  sulphur  were  determined  with  a  LRCO  ('.S-44  unit,  after 
appropriate  calibration.  Trace  elements  were  determined  by  flameless  Atomic  Absor|)tion 
S[)ecfrophotometrv.  using  the  procedure  established  by  Welcher.  Kreige  and  Marks  of  I’&WA.' 
Lead  and  bismuth  were  determined  on  all  samitles.  Ag.  Sn.  Sli,  Te,  TI,  Se  were  determined  by  the 
same  procedure,  as  required.  An  additional  unmelled  (lortion  of  the  chi|)s  was  used  to  determine 
oil  and  moisture  on  the  crusher  samfiles.  and  hulk  density  if  retpiired.  On  the  final  sample,  an 
additional  unmelted  portion  of  the  chips  was  subjected  to  a  visual  ins[)ection  in  the  laboratory  for 
general  cleanliness,  foreign  metal  contamination,  etc.  The  ingot  slices  were  used  as  a  reserve 
sam(ile  and  preserved  for  a  (teriod  of  not  less  than  one  year.  The  analytical  records  will  he 
(treserved  for  not  less  than  ten  years. 

Table  -7  (tresents  the  pre-  and  post -(trocessing  chemical  analyses  c,i  the  Was|)aloy  scra|) 
suftplied  for  the  programs.  The  Was|)aloy  scrap  deviates  from  s[)ecil'ication  because  of  excessive 
Bismuth  content  following  processing. 


TABLE  5 

FRANKEL  ANALYSIS  OF  WASPALOY 
LOT  SAMPLES 


('rusher 

Sample 

l*r<Hisse(i 

Sample 

l^W'A 

SfMri/natnm 

O&M 

2.0'. 

MaKHOtioi 

0,1'. 

(■ 

o.owc . 

0  (12  1"  0  10’ 

s 

oim'. 

0.02'.  Mhx 

Al 

1  -i.V . 

12  I  .(i' 

H 

OlHM'. 

0,003  l.t  0  010  , 

Hi 

"» o  ppm 

0.r>  ppm  Max 

Ch 

-1).;'- 

« (» r; 

Co 

7'. 

\2  0  In  iTvO'  , 

Cr 

0  to  2)  O', 

Cu 

OiXV- 

•  ItD.V. 

0  lit' .  Max 

Fe 

1  :«v , 

1  07'. 

2,0'.  Mux 

Mn 

0.07* . 

0,7!t',  Max 

Mil 

4  (HV  < 

:rs  ti,  ,'1.0' , 

Ni 

R* 

R 

K 

Pb 

ppm 

10  0  ppm  Max 

Si 

<  (1  <ir/ . 

0  75'  -  Max 

Sn 

.  o.os' ; 

Ta 

■tVT. 

^  o.av , 

Ti 

.1  f)9‘e 

3,00'- 

2.75  to  3,25', 

\ 

■0  I'i 

■  Of, 

W 

•nr. 

-Of, 

7.r 

0  o.v . 

•  0.07' , 

0  112  t(i  0  12', 

Hulk 

Density 

84  2  tb/fC 

•R  Remainder 

H  KreiRp.  and  •! 

Y  Marks 

Analytual  (  hemistrv 

Volume  40.  pa^e  1227. 
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SECTION  VII 


MATERIAL  RECLAMATION  TECHNOLOGY 


A.  SCRAP  TECHNOLOGIES  REVIEW 

1.  Background 

P&WA  reviewed  the  state  of  the  art  of  separation  processes  available  at  the  initiation  of  this 
program,  and  identified  several  applicable  technologies.  Some  technologies  were  not  chosen  for 
program  evaluation  due  to  insufficient  development  status,  proprietary  status,  uncertain 
economic  potential,  or  prohibitive  funding  requirements  to  establish  the  process.  Two  separation 
processes  based  on  the  density  separation  principle,  i.e.,  the  ferrofluid  process  and  the  fluidized 
bed  process,  were  selected  for  evaluation  of  separation  capability  in  tbis  program.  This  review  was 
intended  to  update  the  available  technologies  for  scrap  reclamation  and  was  based  upon  a 
literature  review,  personal  discussions  and  related  information  as  available. 

Technologies  have  been  classified  into  three  basic  .separation  concepts:  physical/mechanical, 
pyrometallurgical/melting  and  chemical;  and  are  described  in  the  following  portions  of  this 
review. 

2.  Physical/Mechanical  Separation  Processes 

a.  Conventional  Manual  and  Visual  Separations 

Conventional  separation  procedures  followed  by  most  scrap  dealers  originate  with  visual 
conformity  of  material  within  the  shipping  container.  If  uniformity  exists,  spot  checking  with  a 
hand  magnet  will  spot  gross  magnetic  contamination  within  the  container.  Inexpensive  thermo¬ 
electric  testers  are  utilized  to  identify  pieces  with  known  alloy  standards  and  also  to  validate 
entire  container  alloy  designation. 

The  color  of  aerospace  metals  is  of  some  value  as  a  means  of  identity.  Copper,  brass, 
aluminum  and  other  nonferrous  contaminants  are  color  distinguishable.  Much  aerospace 
intermixture  of  Ti  and  Ni  alloys  is  visually  separable  by  competent  scrap  salvage  department 
personnel  by  color  and  texture.  Likewise,  visual  separation  is  often  possible  by  mill  or  plant 
markings,  although  many  instances  of  mislabeling  have  been  noted. 

b.  Screening  (Mechanical  and  Magnetic)  Separations 

Scrap  turnings  are  usually  reduced  to  '  i  -  to  1  -  in.  length  .segments  by  crushing  in  a  ring  or  jaw 
crusher.  This  crushing  is  likely  to  l(M»sen  entrapped  contaminants  such  as  tool  bit  particles. 

(1)  Mechanical  Screening 

Vibratory,  mechanical  screening  is  a  standard  procedure  to  separate  vari('us  particle  sizes 
after  the  crushing  operation.  This  is  beneficial  in  removal  of  dust,  fines,  grindings,  etc.,  which 
generally  are  contaminated  with  interstitials  and  also  in  the  removal  of  carbide  chip 
contaminants.  The  latter,  being  brittle,  tend  to  be  reduced  t<t  fines  during  the  crushing  operation. 
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(2)  Magnetic  Screening 


Magnetic  screening  is  a  standard  procedure  to  segregate  carbide  chips  as  well  as  other 
magnetic  (ferrous)  materials.  Both  permanent  and  electromagnet  separation  varies  in  its 
effectiveness  with  magnetic  response  of  the  particular  contaminant  and  its  size.  Consequently, 
current  magnetic  separators  are  not  very  effective  in  removing  small  and  weak  magnetic 
fragments. 

Recent  developments  of  a  High-Cradient  Magnetic  Separator  (HGMS)  broaden  the 
usefulness  of  magnetic  separators  for  scrap  reclamatiim.  'I'he  HOMS  units  claim  that  even  very 
small  and  weak  magnetic  particles  (e.g.,  paramagnetic  particles)  can  be  separated.  This  device 
utilizes  a  high  magnetic  field  coupled  with  high  magnetic  gradients.  The  process  consists  of  a 
canister  packed  with  a  matrix  of  ferromagnetic  filaments  placed  in  a  highly  magnetic  field.  The 
matrix  filaments  divide  the  overall  magnetic  field  and  high  magnetic  gradients  are  created  along 
the  filament  edges.  The  magnetic  contaminants  are  then  trapped  by  these  filaments.  These 
mechanical  and  magnetic  screening  techniques  are  limited  to  particle  size  and  magnetic  response 
and  considered  partially  successful  at  best. 

It  has  been  estimated  that  up  to  9.o'<  scrap  segregation  could  he  attained  upon  efficient 
application  of  the  combined  standard  procedures  of  the  aforementioned  paragraphs  (a)  and  (b) 
if  the  scrap  generator  and  processor  properly  controlled  alloy  lineage.  In  reality,  this  level  of 
control  is  not  presently  applied. 

c.  Size  Reduction  Separations 

(1)  Cryogenic  Crushing 

The  Bureau  of  Mines  has  developed  a  cryogenic  technique  to  separate  many  nonferrous 
alloys  from  others  by  crvogenic  cooling  fo  below  the  ducfile/lmiltle  Iran.sition  temperature  of  .some 
malleable  alloys.  Subsequent  crushing  during  this  cryogenic  step  readily  pulverizes  the  alloy  that 
has  undergone  transition,  while  other  alloys  remain  malleable  and  resist  crushing.  Alloy 
separation  is  effected  upon  subsequent  screening.  Separations  have  been  attained  with  various 
combinations  of  Cu.  Al.  Zn.  steel  and  nonmetallics.  The  intention  of  this  work  is  to  effect 
reasonable  levels  of  separation;  however,  the  likelihood  of  complete  separation  has  not  been 
established. 

(2)  Hydrided  Ti  Crushing 

A  considerably  different  method  to  effect  Ti  separations  consists  of  hydriding  i)lus  crushing 
plus  dehydriding  of  Ti  alloy  chips.  The  hydriding  readily  embrittles  the  Ti  without  influencing 
contaminant  stainless  steel  and  WC  tool  bit  fragments,  ('rvishing  thereby  reduces  the  brittle  Ti 
and  VVC  to  powder;  these  are  readily  separable  by  magnet,  (^ontinued  development  in  this  area 
was  terminated  due  to  incomplete  (80-9fi'i  effective)  VVf'  sejiaration  and  unacceptable  oxygen 
contamination  of  the  Ti  powder. 

Recent  modifications  to  this  hydride/screening/dehydride  process  include  additional  steps 
to  reduce  the  contaminant  oxygen  level  such  as  anodic  dissolution  and  degassing.  These  steps 
have  reportedly  %ielded  a  reclamation  product  of  acceiitable  chemical  and  mechanical  proirerties 
when  care  is  taken  to  assure  input  scrap  alloy  lineage. 

d.  Radiographic  Separation 

High  density  contaminants  in  scrai>  le  g.  WC  tool  hit  Iragmenis)  are  distinguishable  by 
radiographic  or  fluoroscopic  screening.  Radiography  otters  greater  sensitivity;  the  advantage  of 
the  [lermanent  film  record  is  (piestionable  here.  Alihmigh  ati  apparently  costly  |)rocedure.  it  is 
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reported  that  one  titanium  melter  uses  radiographic  examination  of  purchased  turnings  to  search 
out  carbide  inclusions  on  a  lOO^’i  inspection  basis  after  such  turnings  have  gone  through  several 
steps  of  mechanical  screening  and  magnetic  separation.  The  turnings  are  spread  in  a  thin  layer 
on  trays,  or  formed  into  briquets,  and  radiographed.  The  film  is  examined  for  any  inclusions, 
which  then  can  be  removed  manually  by  comparing  the  film  with  the  tray  or  briquet. 

e.  Fluoroscopic  Separation 

Fluoroscopy  can  likewise  be  utilized  to  inspect  turnings.  This  inspection  is  considerably 
more  cost-effective  than  radiography,  but  particle  resolution  is  markedly  reduced.  Small 
fragments  of  high  density  and  foreign  alloys  are  less  detectable.  Many  melters  have  fluoroscopes 
to  inspect  incoming  sponge  for  other  types  of  inclusions,  but  they  have  not  used  fluoroscopes 
effectively  to  screen  turnings  other  than,  in  some  cases,  their  own  internally  generated  turnings 
for  which  the  history  is  well  known. 

f.  Density  Separations 

Sink-float  separation  of  an  alloy  from  a  contaminant  can  be  accomplished  if  the  density  of 
the  alloy  differs  from  that  of  the  contaminant  and  also  if  *he  density  of  the  separation  fluid  is 
lietween  that  of  both  the  alloy  and  contaminant.  Sep-  ion  efficiency  is  increased  as  the 
magnitude  of  the  difference  in  density  between  alloy-fluici-contaminant  increa.ses. 

There  are  ample  density  differences  in  alloys  of  concern  for  scrap  recovery.  For  instance, 
titanium  and  its  alloys  have  densities  of  4.4  to  4.7  gm/cm^.  while  aluminum  has  a  density  ofabout 
2.7  gm/cm-’.  steels,  stainless  steels,  and  superalloys  have  a  density  in  the  range  of  7.7  to 
9.0  gm/cm',  and  tungsten  carbide  tool  bits  have  a  density  in  excess  of  l.S.O  gm/cnv'.  Thus,  the 
density  differences  provide  a  convenient  basis  for  the  purificatic)n  of  titanium  or  for  the 
separation  of  contaminant  titanium  or  aluminum  from  scrap  superalloys. 

Three  density-based  separation  processes  were  considered  for  scrap  recovery:  conventional 
dense-media  processes,  dry  fluidized  bed  processes  and  the  ferrofluid  process. 

IV  Conventional  Dense-Media  Processes 

I  hese  processes  rely  on  the  choice  of  various  fluid  media  that  have  densities  between  the 
alloy  and  contaminants  of  concern.  Conventional  dense-media  processes,  using  a  water-based 
slurry  of  magnetite  or  ferrosilicon.  have  an  upper  density  limit  of  about  fi.ll  gm/cm".  Thus,  they 
would  he  capable  of  making  a  sink-float  separation  of  aluminum  (2.7  gm/cm")  from  titanium  (4.4 
to  4.7  gm/cm").  Other  media,  such  as  acetylene  tetrabromide  (2.9  gm/cm').  methylene  iodide 
(•)..'12  gm/cm")  and  thallium  .salt  .solution  (9. .7  *•,  a  9  grn/cm")  could  be  utilized  for  separation  of 
some  titanium  alloys;  however,  each  of  these  fluids  are  expensive,  hazardous  and  toxic.  Another 
handicap  is  that  all  of  these  fluids  are  not  capable  of  separating  the  denser  contaminants  such  as 
steels,  superalloys  and  carbide  tool  chips  from  titanium. 

Heavy  media  success  has  been  reported  in  upgrading  the  metallic  content  of  shredded  auto 
scrap  rejects  using  conventional  sink-float  procedures  and  finely  ground  magnetite,  ferrosilicon. 
and  galena  as  media.  However,  there  does  not  appear  to  be  active  industrial  u.sage  of  the 
conventional  dense-media  process  at  this  time. 
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{2)  Dry  Fluidized  Bed  Process 


A  variation  of  the  dense-media  process  is  the  dry  fluidized  bed  process,  wherein  the 
separation  medium  is  a  bed  of  dry  granules  or  powder  of  some  heavy  material  such  as  lead  or  iron. 
The  bed  is  “fluidized”  by  an  air  stream  so  that  the  medium  has  an  apparent  density  of  something 
less  than  that  of  the  contaminating  materials.  A  mixture  of  materials  of  different  density  can  be 
made  to  flow  through  the  fluidized  bed  and  effect  a  sink-float  separation  if  the  apparent  density 
of  the  medium  is  intermediate  to  that  of  the  materials  to  be  separated. 

The  Frankel  Company  fluidized  bed  process,  using  a  fluidized  bed  of  titanium  or  nickel 
alloy  chips  supported  in  air  media  was  included  in  this  program  of  evaluation  of  scrap 
reclamation  technologies.  This  process  is  being  u.sed  industrially  in  high-volume  applications  to 
effect  scrap  reclamation. 

Reasonable  success  has  been  reported  in  studies  on  the  recovery  of  nonferrous  metals  (Al. 
Cu,  Zn)  from  shredded  auto  scrap  rejects  by  use  of  the  fluidized  air  bed  proce.ss.  Also,  the 
“Dryflo”  system,  manufactured  in  England,  is  being  marketed  in  this  country  for  the  separation 
of  plastic  insulation  materials  from  finely-granulated  copper  or  aluminum  electrical  wire.  Details 
of  this  process  were  unavailable. 

(3)  Ferrofluid  Process 

The  ferrofluid  metal  separation  process  is  based  upon  an  ability  to  vary  the  density  of  a 
magnetic  fluid.  This  process  is  applicable  to  nonferrous  metal  separations.  The  magnetic  fluids, 
known  as  ferrolluids,  are  stable  colloidal  dispersions  of  a  ferromagnetic  material  in  a  carrier 
liquid,  and  they  behave  as  magnetic  liquids.  There  has  been  considerable  research  in  this  area 
and  industrial  usage  should  be  forthcoming. 

High  separation  rates  have  been  attained  in  the  separation  of  crushed,  nonferrous  auto 
scrap.  Also,  this  process  is  being  applied  to  studies  on  scrap  recovery  and  ore  sei)aratinn.  One  area 
includes  the  recovery  of  nonferrous  metals  from  incinerator  residues. 

The  ferrofluid  process,  as  conducted  by  AVCO.  was  included  in  this  program  of  evaluation 
of  scrap  reclamation  technologies.  The  AVCO  process  uses  a  pool  ('f  ferrofluid  suspended  between 
the  poles  of  an  electromagnet.  An  input  conveyor  delivers  the  incoming  mixed  metals  to  the  pool. 
Output  conveyors  take  away  the  separated  “float”  and  “sink”  fractions,  respectively.  A  unique 
characteristic  of  the  system  is  that  the  effective  density  of  the  ferrofluid  pool  may  be  varied  at  wall 
from  less  than  1  gm/cm’  to  well  over  20  gm/cm^  by  simply  changing  the  current  to  the 
electromagnet.  Separation  of  objects  differing  in  density  by  as  little  as  10' r  has  been 
demonstrated  and  routine  separations  of  Al.  Ti,  superalloys,  and  WC  have  been  established. 

Lastly,  there  are  indications  that  separation  of  superalloys  with  similar  densities  but 
different  magnetic  properties  may  be  feasible.  The  weak  magnetic  properties  may  influence  the 
true  density  and  effect  a  separation.  Initial  experiments  have  been  inconclusive  and  further  work 
is  necessary  here. 

3.  Direct  Consolidation  Processes 

Considerable  effort  has  been  expended  in  developing  direct  consolidation  processes  for  Ti 
alloy  scrap  reclamation.  These  efforts  usually  rely  on  adequate  cleaning  procedures  prior  to 
consolidation  to  reduce  interstitial  levels  that  are  inherent  with  Ti  chips.  Consolidation  of  scrap 
Ti  chips  is  then  conducted  similar  to  the  consolidation  of  virgin  Ti  powder.  In  theory,  Ti  alloys 
"scrub”  their  surfaces  clean  by  elevated  temperature  (below  beta  transus)  dis.solution  of 
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interstitials  thereby  giving  fully  diffusion-bonded  billets.  Chip  compaction  has  been  reported  by 
hot  isostatic  compaction,  hot  extrusion,  and  hot  vacuum  pressing.  Direct  consolidation 
eliminates  melting  requirements  and  yields  extrusions  or  billets  available  for  subsequent  forging 
o[rerations. 

An  interesting  variation  of  the  direct  consolidation  process  has  been  developed  at  the 
P&WA/Florida  R&D  Center  for  the  reclamation  of  titanium  alloy  scrap.  Machine  turnings  are 
cleaned  by  conventional  perchlorethylene  solvent  degreasing  and  magnetic  contaminants  are 
removed  by  a  high -density  magnetic  .separator.  The  turnings  are  then  hydrided  and  pulverized  to 
a  fine  particle  size.  Coarse  particles  (i.e..  —  major  contaminants  such  as  stainless  steel, 
superallovs,  etc.)  do  not  hydride  and  then  pulverize;  they  are  retained  on  a  60  mesh  (200  micron) 
screen  size  and  discarded.  Minor  contaminants  are  then  removed  by  anodic  dissolution  of  the 
hydrided  particle  fines.  Anodic  di.s.solution  is  effectively  a  reverse-plating  process  whereupon 
soluble  contaminants  are  removed  from  the  insoluble  Ti  alloy.  The  clean  Ti  fines  are  then 
rewashed  and  processed  through  a  semicontinuous  vacuum  hot  press  facility  that  has  been 
modified  to  incorporate  a  preheated,  vacuum  dehydriding  section.  The  final  step  in  this  facility 
is  vacuum  hot  compaction  of  the  clean,  separated  Ti  particles  into  a  billet.  Conventional 
reduction  and  forging  operations,  applied  to  this  billet,  have  produced  aerospace-quality 
components.  Process  scale-up  is  required  to  define  production  capabilities  and  resolve  the  true 
cost  effectiveness. 

Two  technical  problems  exist.  1'he  effectiveness  of  preconsolidation  cleaning  in  consistently 
maintaining  specification  interstitial  levels  must  be  established.  Also,  direct  consolidation  is  not 
a  separation  process;  alloy  separation  of  scrap  chips  must  he  assured  to  avoid  off-grade 
compositions  in  the  final  product.  In  addition,  the  economics  of  direct  con.solidation  processes 
must  be  ascertained. 

4.  Chemical  Separation  Processes 

In  theory,  the  main  advantage  of  chemical  recovery  processes  is  that  they  can  be  utilized  to 
handle  any  segregated  or  unsegregated  scrap.  Furthermore,  they  produce  essentially  elemental 
raw  material  equivalents. 

In  reality,  several  studies  have  been  applied  to  the  recovery  of  Ti  and  superalloy  scrap  by 
chemical  processes  with  varying  degrees  of  success,  mostly  seen  in  the  superalloy  field.  It  is 
believed  that  superalloy  scrap,  after  suitable  pretreatment,  is  being  utilized  in  Canada  and 
Europe  as  feed  material  in  existing  hydrometallurgical  operations  for  nickel  and  cobalt  recovery. 
These  proce.sses  are  viable  only  becau.se  the  nickel  and  cobalt  reclaimed  from  scrap  represents  a 
small  fraction  of  the  total  metal  production  of  these  operations.  Accordingly,  use  of  such 
processes  solely  for  the  reclamation  of  superalloy  scrap  in  the  U.  S.  is  currently  economically 
unfeasible. 

a.  Modified  Sponge  Process  for  Ti  Scrap 

A  potential  chemical  extraction  process  for  recovery  of  Ti  alloy  scrap  chips  is  a  modification 
of  the  Kroll  sponge  process.  Scrap  is  mixed  with  TiCl,  in  a  first-stage  molten  salt  reactor  to  yield 
a  Ti/ri/molten  .salt  product.  This  product  is  reduced  with  Mg  in  a  second-stage  reactor  to  yield 
Ti  sponge  after  an  appropriate  distillation  step.  To  our  knowledge,  this  process  has  not  been 
reduced  to  practice. 

b.  Exothermic  DlsIntegratlonlChemlcal  Extraction  Process  for  Martensitic  Stainless  Steel 
Scrap 

A  number  of  processes  are  known  for  the  separation  of  nickel,  cobalt  and  coi)i)er  v  alues  from 
ferrous  alloys.  In  the  treatment  of  ferro-nickel.  for  example,  the  alloy  is  ground  to  a  finv  powder 
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and  leached  in  aqueous  oxygenated  ammonium  sulphate  or  sulphuric  acid  for  extraction  of 
nonferrous  values. 

These  known  processes  are  generally  unsatisfactory  for  extraction  of  contained  nickel, 
cobalt  and  cop|)er  values  from  iron-chromium  scrap  alloys.  Such  material  is  extremely  tough  and 
nonfriable  and  can  only  be  ground  to  a  leachahle  size  with  great  difficulty.  The  problems 
encounterer)  in  grinding  such  material  are  greater  still  if  the  material  contains  al)rasives  such  as 
alumina  or  other  alloying  metals  such  as  mangane.se.  molybdenum,  and  tungsten.  Furthermore, 
even  after  grinding  such  material  to  a  fine  slate,  the  material  is  usually  resistant  to  leaching. 
Severe  leaching  conditions  and  prolonged  times  are  required  to  extract  nickel  and  other  desired 
values  such  as  cobalt  and  copiier  from  the  material. 

A  ('anadian  process  has  been  reported  to  be  useful  in  the  recovery  of  Ni,  Co.  and  Cu  from 
Fe-Cr  serai)  turnings  and  chips.  Tbe  process  involves  contacting  the  alloy  with  an  alkali  metal 
sulphate  or  an  alkali  metal  sulphite  additive  and  healing  the  alloy  and  additive  under  controlled 
reducing  conditions  to  initiate  and  continue  an  exothermic  reaction.  The  reaction  product  is  then 
(jiienched  to  cause  disintegration  thereof  to  a  finely  divided  state  amenable  to  a  leaching 
treatment  for  extraction  of  nickel,  toball  and  copper  values.  There  is  insufficient  infortnation  to 
establish  if  this  process  has  been  red  a  i  d  to  practice. 

c.  Solvent  Extraction  Processes  lor  Superalloy  Grindings 

.\  laboratory  chemical  extraction  process  has  been  disi  losed  to  reco\er  Ni.  Co.  Mo.  and  Cr 
from  superalloy  grindings.  These  tnetals  comprise  the  greater  part  of  waste  produced  ditrittg 
melting,  casting,  and  machining  of  nickel-  and  cobalt-based  superallovs.  .Much  of  this  scrap  is 
best  utilized  by  remelting.  however,  when  the  scrap  is  contaminated,  consists  of  grinditigs.  or  is 
of  obsolete  alloys,  chemical  processing  can  reportedly  convert  the  contained  metals  to  niarkelable 
forms, 

The  process  developed  included  the  following  operations:  ('ontaminated  scrap  was  cleaned 
to  remove  trash,  cutting  oils,  and  tionmelallic  grinding  wheel  debris,  ('leaned  scrap  then  was 
di.ssolved  in  hot.  chlorinated,  diluted  hydrochloric  acid.  Tungsten  and  traies  of  silica  were 
removed  from  the  leach  lirpior  by  carbon  absorption  followed  by  three  successive  solvent 
extraction  operations  to  separate  iind  recover  molybdenum,  iron,  cobalt,  iind  mangttnese.  Finally, 
cbrotnium  was  separated  from  nickel  contained  in  the  partly  purified  solution  by  selective 
precipitation 

Massive  alloy  sh.tpes  were  not  used  in  this  study  because  I  he  corrosion  rate  of  such  material 
was  relatively  slow.  Turnings,  borings,  and  grindings  dissolved  rapidly  and  therefore  appeared 
most  suitable  for  chemictd  recovery. 

This  process  has  not  attained  commerrial  practice  and  htis  not  received  an  economic 
evaluation.  Nevertheless,  there  would  appear  to  be  interest  in  this  process  in  that  it  can  feasiblv 
handle  all  forms  of  superalloy  scrap.  An  area  of  potential  concern  is  reduced  solubility  of  some 
supt'ralloys  in  HCI. 

.An  apparently  similar  solvent  extntclion  process  has  been  reported  in  Ktigland  I’rocesv 
scrap  is  dissolved  in  hot  a(iueous  H('l  and  then  the  metals  of  interest  are  purified  and  isolated  In 
a  series  ot  prt'cipitation.  leaching  and  solvent  extr.iction  stages,  ,A  desirable  leature  of  i  he  proi  esv 
iinoKes  the  u.se  of  IK'l  for  the  dissolution  and  MgO  for  the  main  precipitation  -taces  Tlie^i 
re.'igenls  are  oblaineri  bv  a  high  temperature  bvdrolysis  of  tbe  MgCl .  formed  in  t  be  end  --olut  ion 
therein  reducing  pollution  |)roblem.s. 

Difficulties  in  ltd  dissolution  of  some  superallovs  is  again  of  comern  N"  eMilemi  oi 
redm  lion  to  practice  has  been  obt.ained  on  this  process. 
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5.  Pyrometallurgical  (Melting)  Proceaaea 


In  the  recovery  of  scrap  there  are  generally  two  objectives  of  pyrometallurgical  processes: 
physical  separation  and  elemental  refinement. 

Upon  bulk  melting  of  scrap,  insoluble  inclusions  of  higher  melting  points  and  higher 
densities  will  settle  to  the  bottom  of  the  melt;  lighter  compounds  i.e.,  —  slag  and  oxides,  tend  to 
ri.se  to  the  surface  of  the  melt.  This  physical  separation  phenomenon  can  be  utilized  in 
nonconsumable  melting  processes  to  separate  contaminants  by  selective  decanting  of  the  melt. 

Elemental  refinement  can  he  realized  in  melting  processes  by  the  removal  of  volatile 
contaminants  via  vaporization;  vacuum  melting  processes  greatly  enhance  this  separation. 

Pyrometallurgical  processes  cannot  be  used  to  separate  nickel,  cobalt,  iron  and  copper.  In 
addition,  only  under  exceptional  circumstances  can  molybdenum  and  tungsten  be  separated 
from  the  above  elements  and  current  pyrometallurgical  processes  have  only  limited  capabilities 
in  removing  some  trace  elements  such  as  tin.  This  means  that  if  pyrometallurgical  processes  are 
to  be  u.sed.  the  furnace  charge  must  have  an  average  composition  that  is  fairly  close  to  some 
commercial  alloy  grade.  Fortunately,  a  large  amount  of  superalloy  waste  is  pre.sently  segregated 
by  grade,  and  it  is  technically  feasible  to  segregate  an  even  larger  fraction  of  these  wastes. 
Pyrometallurgical  processing  is  relatively  inexpensive  and  well  established. 

■Several  pyrometallurgical  processes  are  being  evaluated  and/or  arc  in  present  industrial 
usage  to  recover  scrap.  While  usually  discussed  with  reference  to  a  particular  svstem  (titanium 
or  superalloy).  they  are  not  necessarily  limited  to  these  materials.  A  brief  review  of  these 
processes  follows. 

a.  Induction  and  Arc  Air  Melting 

.Air  melting  can  he  achieved  by  induction  heating  with  the  use  of  a  suitable  llux.  or  in  a 
conventional  air  arc  furnace.  These  methods  are  used  on  a  limited  basis  for  melting  less  critical 
alloys. 

Miscellaneous  machining  chips  can  be  melted  in  an  air  furance,  A  typical  charge  may 
include  both  air  and  vacuum  grade  superalloys.  The  melt  can  be  analvzed.  oxidizable  elements 
oxidized  (if  necessary),  and  the  bath  composition  adjusted  to  produce  a  useful  composition.  The 
(piality  of  the  resulting  product  as  well  as  the  profitability  depend  u))on  the  average  composition 
of  the  charge  and  current  market  conditions. 

.A  large  variety  of  products  can  he  produced.  The  range  runs  from  comtiositions  suitable  for 
use  in  vacuum  induction  melting  to  remelt  stock  .suitable  for  use  in  stainless  and  specialty  steels. 
In  most  cases,  some  of  the  valuable  elements  in  the  original  alloy  are  lost,  rolumbium  would  be 
lost  from  Inco  718  alloy  during  air  melting  while  cotialt  would  be  a  useless  but  tolerable 
contaminant  in  non  nuclear  grade  stainless  steels,  (^onseipiently.  air  melting  is  an  economical 
approach  for  consolidating  superalloy  chips,  but  its  u.se  is  severely  limited  for  many  reclamation 
cvcies. 

b.  Vacuum  Induction  Melting 

\’acuum  induction  melting,  performed  in  a  ceramic  crucible,  is  widely  used  to  prepare 
-uperallov  master  melts  and  castings. 
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The  recycling  of  segregated  superalloy  solids  is  in  limited  industrial  practice;  likewise,  the 
recycling  of  superalloy  chips  is  of  le.ss  industrial  popularity  because  of  the  alloy  segregation 
problem.  Grindings  and  dust  are  not  normally  recovered  because  an  untenable  level  of  slag  is 
produced  in  addition  to  the  alloy  -segregation  problem. 

The  vacuum  induction  process  is  not  well  suited  to  refining  because  a  prohibitively  long 
time  is  required  to  effect  surface  vaporization  of  principal  contaminants.  Carbon  deoxidation  is 
readily  achieved;  excessive  superheat  can  cause  crucible  interaction  and  subsequent  contamina¬ 
tion. 


c.  Vacuum  Consumable  Arc  Melting 

Vacuum  consumable  arc  melting  followed  by  remelting  is  a  traditional  process  fo- 
production  of  Ti.  An  arc  is  established  between  a  consumable  electrode  and  a  water-cooled, 
copper  mold.  The  process  exposes  a  large  quantity  of  the  melt  to  the  vacuum  environment  and 
produces  a  sound  ingot  with  minor  levels  of  segregation. 

However,  as  applied  to  scrap  recovery,  the  process  is  limited  by  “green  strength" 
compaction  requirements  of  the  consumable  electrode.  Scrap  additions  exceeding  about  25'i  of 
the  electrode-total  reduce  the  electrode  integrity:  electrode  fracture  during  melting  thereupon 
causes  an  aborted  melt.  Also,  as  mentioned  earlier,  consumable  melting  does  not  offer  the 
decanting  capability  for  separation  of  heavy  and/or  light  contaminants.  Insofar  as  scrap  recovery 
is  concerned,  the  process  is  more  suited  to  final  processing  of  materials  that  were  upgraded  by 
another  process.  Despite  these  process  limitations,  this  process  has  found  reasonable  acceptance 
by  .several  industrial  scrap  melters  for  specific  applications. 

d.  Nonconsumable  Melting 

Five  nonconsumable  melting  proces.ses.  or  modifications  thereof,  offer  potential  advantages 
with  respect  to  scrap  reclamation.  The  status  of  these  processes,  applied  to  scrap,  ranges  from 
laboratory  demonstration  to  trial  heats  to  industrial  production  (depending  upon  the  process). 

(1)  Nonconsumable  Vacuum  Rotating  Arc  Melting 

The  process  is  based  upon  the  concept  of  sinking  dense,  contaminant  particles  i.e..  WC.  into 
a  harmless  skull  area.  Earlier  work  utilized  conventional  nonconsumable  melting  equipment.  The 
rotating  electrode  was  applied  to  this  area  and  extensive  additional  work  was  thereupon 
performed.  This  latter  process,  known  as  the  nonconsumable  rotating  electrode  melting  process, 
has  been  applied  as  a  vacuum  arc  melting  process  and  offers  an  improved  system  specifically 
designed  for  Ti  or  superalloy  scrap  reclamation.  The  process  features  a  Schlienger-designed 
furnace  with  a  rotating  water-cooled  copper  nonconsumable  electrode,  a  water-cooled  copper 
melting  crucible  casting  mold  and  a  feeding  system  capable  of  introducing  a  variety  of 
unconsolidated  raw  material  forms  into  the  melting  crucible. 

The  process  has  demonstrated  the  capability  of  processing  large  amounts  of  reasonably 
segregated  scrap  (in  various  forms)  to  produce  high  quality  cast  remelt  ingots.  In  addition,  the 
process  is  capable  of  removing  heavy  inclusions  (e.g..  tungsten  carbide  chips)  through 
entrapment  in  t!'.e  titanium  skull. 

The  proce.ss  has  several  advantages  over  consumable  arc  melting  processes.  Higher  pool 
temperatures  can  be  sustained  for  controlled  periods,  enabling  partial  solution  of  low  density 
inclusions  as  well  as  complete  melting  and  alloying.  In  addition,  the  process  is  amenable  to 
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processing  materials  in  a  manner  which  prevents  extreme  pool  temperatures  in  high  vacuums 
with  consequent  loss  of  volatile  alloying  elements. 

A  reduced  melt  volume  and  absence  of  hot  topping  are  potential  disadvantages  which  can 
result  in  compositional  variations  if  the  feedstock  varies  appreciably.  For  these  reasons, 
nonconsumable  arc  melting  is  conventionally  followed  by  a  consumable  electrode  remelt. 

A  variation  of  the  rotating  electrode  process,  the  Durarc  process,  features  a  stationary 
electrode  with  arc  rotation  induced  magnetically.  A  further  variation  combines  a  rotating 
electrode  with  a  magnetically  inducted  arc  o.scillator. 

{2)  Nonconsumable  Plasma  Arc  Melting 

Nonconsumable  plasma  arc  melting  utilizes  a  gas  stabilized  arc  which  stabilizes  and 
improves  the  control  of  energy  concentration  within  the  melt.  The  electrode  melt  rate  and  heating 
of  the  liquid  metal  bath  can  be  theoretically  controlled.  High  heat  transfer  rates  and  high  gas 
velocities  are  attainable.  Plasma  arc  furnaces  offer  the  option  of  operating  under  high 
temperature  and  high  pressure  gas  environments. 

In  practice,  utilization  of  the  plasma  arc  can  he  varied  considerably  due  to  the  arc  control 
achievable.  Impingement  upon  the  surface  of  a  molten  pool  into  which  particulates  are  added,  or 
impingement  of  the  arc  onto  an  electrode  feed  rod  which  drip  melts,  are  being  evaluated.  One 
important  limitation  of  the  plasma  arc  process  is  the  existence  of  a  moderate  pressure  gas 
environment  resulting  from  the  required  arc  stabilizing  gas. 

An  extensive  evaluation  of  the  performance  of  plasma  arc  furnaces,  including  an  a.s.sessment 
of  their  capability  for  superalloy  scrap  recycling,  has  been  reported.  Small  heats  of  Inco  718  were 
plasma  induction  melted  using  nondegreased  scrap.  Chemical  analysis  indicated  partial  refining 
occurred  with  complete  removal  of  Sn.  Preliminary  studies  using  the  Schlienger  nontransferred 
plasma  arc  process  encountered  heat  transfer  problems  in  that  only  a  shallow  molten  p(H)l  could 
he  maintained.  It  would  appear  that  nonconsumable  plasma  arc  melting  is  a  viable  process  for 
superalloy  or  Ti  scrap  reclamation,  but  additional  development  effort  is  required. 

(3)  Nonconsumable  Electron  Beam  Melting 

Active  interest  exists  in  the  reclamation  of  scrap  by  the  nonconsumable  electron  beam 
melting  process  and  several  process  variations  have  surfaced.  Although  all  efforts  appear  to  have 
been  directed  toward  Ti  scrap  reclamation,  it  would  appear  that  the  process  would  also  be 
amenable  to  superalloy  scrap. 

Extensive  work  has  been  performed  using  a  Leybold-Heraeus  electron  beam  skull  furnace. 
Segregated,  crushed,  degreased  and  dried  titanium  scrap  is  fed  into  a  furnace  and  non- 
consumably  melted  dense  contaminant  particles,  i.e.,  WC.  etc.,  sink  harmlessly  to  the  bottom  of 
the  skull,  while  metal  at  the  top  of  the  pool  is  caused  to  overflow  by  directing  the  electron  beam 
across  the  pouring  spouts  to  pour  the  metal  in  small  slugs  or  drops.  These  drops  are  solidified  on 
a  rotating  drum,  ctxiled  on  a  conveyor,  and  collected  in  a  container  as  pellets.  The  pellets  are  then 
blended,  analyzed,  and  melted  in  a  conventional  consumable  electrode  furnace.  The  pellets  can 
be  added  to  sponge  at  the  compacting  pre.ss  or  side  fed  to  the  consumable  or  nonconsumable 
electrode  furnace  during  the  melt. 

The  principal  advantage  of  this  process  is  the  conversion  of  titanium  scrap  into  a  very 
usable  form  of  revert  material.  Completion  of  the  scrap  reclamation  cycle  requires  conversion  of 
this  revert  material  into  a  nonconsumably  or  consumably  melted  ingot. 


This  concept  of  sinking  of  dense  contaminant  particles  into  a  harmless  skull  area  was 
utilized  in  an  electron  beam  nonconsumable  skull  melting  process  that  has  the  additional 
advantage  of  converting  Ti  scrap  chips  directly  into  ingot,  as  compared  to  the  aforementioned 
process  that  produces  revert  pellets.  In  this  proce.ss,  .segregated,  crushed,  degrea.sed.  and  dried  Ti 
scrap  is  continuously  fed  into  a  nonconsumable  skull  melt.  Dense  contaminants  sink  to  the  water- 
cooled  skull  bottom,  while  molten  metal  is  poured  from  the  skull  lip  into  an  ingot-retracting 
water-cooled  mold.  Electron  beams  are  focused  upon  both  the  skull  and  mold  surfaces  to 
maintain  fluidity  and  solidification  requisites.  This  process,  utilized  by  AIRCO.  was  selected  and 
evaluated  during  the  Phase  I  portion  of  this  contract. 

This  evaluation  showed  that  complete  separation  of  seeded  WC  contaminant  was  attained; 
the  resulting  cast  Ti  ingot  had  a  desirable  homogeneous  macrostructure  (equiaxed  and  relatively 
fine  grain).  The  high  vacuum  level  nece.ssarv  to  maintain  electron  beam  was  beneficial  in 
removing  volatile  contaminants;  however,  areas  of  ingot  nonhomogeneity  also  occurred 
(i.e..  partial  A1  vaporization).  A  revised  feed  system  is  necessary  to  correct  this  problem  of 
uniform  co-addition  of  Ti  sponge,  scrap  and  master  alloy  to  the  electron  beam  furnace.  A  further 
advantage  of  this  process  is  that  the  end  product  is  potentially  a  single-melt  ingot  of  a  quality 
comparable  to  that  of  consumable  arc  melting. 

(4)  Electroslag  Melting 

A  process  conceptually  exists  for  reclamation  of  superalloy  scrap  processed  in  a  modified 
ESR  furnace.  The  [irocess  is  basically  a  consumable  electrode  arc  mcdiing  process  with  the 
im()ortant  distinction  that  the  melting  takes  place  within  a  molten  tlux.  During  its  passage 
through  the  flux,  the  molten  metal  is  scavenged  ol  various  impurities  as  well  as  protected  trom 
oxidation.  The  mold  is  basically  divided  into  two  compar.ments  Scrap,  in  the  form  of  grindings 
or  turnings,  is  fed  into  the  skull  melting  side  where  it  is  melted,  tind.  sid)se(pient Iv.  the  molten 
alloy  flows  over  the  dam  intothe  ingot -forming  portion  ot  the  unit  where  the  itigoi  is  continually 
withdrawn  from  the  mold.  The  potential  advantiiges  ol  the  |)rocess  over  i unv ctit lotial  technicpies 
result  from  reduced  labor  and  material  cost  tcombinc'd  with  sue  h  tin  tors  a>  <  harge  make  tip  and 
refining  reactions),  ability  to  process  most  scnip  forms,  and  the  elimination  ol  at  lettst  one 
conventional  induction  melting  operation. 

(5)  Inductoslag  Melting 

A  cold-mold  induction-melting  process,  reportediv  capable  ol  handling  l<Ht'  li  sc  rap.  has 
recently  been  develot)ed.  The  basic  equipment  recpiircal  to  induction  medt  react i\c'  metals,  a  split 
water-ccxiled  crucible,  was  developed  much  earlier.  The  currcmi  rescan  h  eltort  incorporatc's  slag 
melting  with  imi)rovements  in  induc  tion  melting  cruc  ible  cic’sign  and  dc-signatcaf  as  "induc  toslag 
melting." 

The  process  features  a  water-cooled  copper  crucible  with  a  surrounding  induction  coil. 
Longitudinal  slits  in  the  coi)|)er  crucible  limit  inductive  coupling  to  the  crucible  and  preclude 
excessive  heating  of  the  crucible.  In  addition  to  molten  and  soliditieci  metal,  ihc'  crucible  contains 
a  small  amount  of  a  slag  such  as  calcium  fluoride  that  freezes  in  the  crucible  slits,  therebv 
insidating  them  from  each  othc*r  while  forming  a  thin  thermal  barricT  betwc'en  the  ingot  and  the 
crucible.  .Some  slag  floats  on  top  of  the  molten  pool,  but  the  cover  is  onlv  part  iai  and  most  of  the 
licpiid  metal  surface  is  exposed  to  t he  ambient  gtes  w hich  is  iisiialiv  an  inert  gas  at  about  one' t  bird 
atmospheric  pre.ssure.  I’roperlic-s  of  anne.-ded  unalloveci  titanium  plate  produced  trom  indue" 
toslag  melted  sponge  comp.irc'  favorablv  with  arc  melted  material 
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Potential  slag-induced  (CaF)  contamination  imparted  to  reactive  metals  is  of  concern; 
application  of  the  process  to  superalloy  scrap  may  be  preferable.  Also,  the  process  has  not  been 
attempted  on  any  commercial  scale  to  our  knowledge. 

e.  Comparison  of  Melting  Process  Parameters 

The  basic  parametric  features  of  several  pertinent  melting  processes  as  applied  to  titanium 
scrap  reclamation  have  been  catalogued.  Interpretations  and  estimates  have  been  applied  where 
deemed  necessary. 

Melting  processes  catalogued  are  vacuum  consumable  arc  (Section  5c),  nonconsumable 
vacuum  rotating  arc  (Section  5d  (1)),  nonconsumable  plasma  arc  (Section  5d  (2)),  and  two 
versions  of  nonconsumable  electron  beam  (Section  5d  (3)). 

6.  Scrap  Technologies  Recommendations 

Several  of  the  aforementioned  technologies  for  scrap  reclamation  have  attained  industrial 
practice  either  in  their  original  state  or  combined  modifications  thereof.  Many  other  technologies 
would  appear  to  have  technical  merit  and  could  readily  attain  industrial  acceptance  with 
sustained  developmental  support.  Two  Ti  processes  should  receive  consideration  for  future 
development  support  based  upon  this  literature  review  of  available  data.  These  processes  are 
direct  consolidation  and  nonconsumable  electron  beam  melting.  Direct  consolidation  could 
appear  to  be  a  viable  method  for  Ti  scrap  reclamation  if  consistent  control  is  maintained  of  the 
Ti  alloy  scrap  lineage,  thereby  avoiding  the  uncorrectahle  situation  of  mixed  Ti  alloys  and 
varying  chemical  configurations.  Nonconsumaltle  electron  beam  remelting  had  demonstrated  the 
feasibility  of  Ti  scrap  reclamation.  Feed  control  problems  must  be  resolved  here  to  assure 
ccmsistent  feed  of  the  scrap/sponge/master  alloy  to  ensure  consistent  chemical  homogeneity  of  the 
ingot  product. 

The  selection  of  the  two  density  sejtaration  technologies  idrv  lluidi/ed  bed.  Section  2f  (2). 
and  ferrofluid.  Section  2f  (.'!)(  utilized  in  Phase  1  of  this  contract  still  appears  valid  for  scale-up 
studies.  'This  review  of  all  other  aforementioned  technologies  indicated  that  technology 
redirection  was  not  advisable. 

B.  DENSITY  SEPARATION  PROCESSES 

Two  density  separation  methods,  i.e..  the  AV(’0  I'erroduid  method  and  the  Frankel 
fluidized  bed  method,  were  investigated.  The  AVCf)  method  was  applied  to  both  titanium  and 
nickel  while  the  Frankel  method  was  applied  to  titanium  only.  The  AVCO  ferrofluid  process 
accomplishes  .separation  by  introducing  scrap  into  a  fluid  in  which  a  variable  apparent  fluid 
density  may  be  induced  magnetically.  Separation  is  achieved  by  the  controlled  sinking  or  floating 
of  known  density  scrap  constituents.  The  Frankel  system  utilizes  an  air  fluidized  bed  to  achieve 
an  apparent  density  medium  for  separation  of  scrap  by  rising  or  sinking.  The  ability  of  these 
processes  to  cost-effectively  separate  contaminants  from  scrap  was  assessed  by  a  series  of 
experiments  utilizing  scrap  with  known  contamination. 

1.  AVOC  Ferrofluid  Method 

8.  System  Technique 

The  AV’CO  Corporation  develoi>ed  a  process  to  se|)arate  nonmagnetic  solids  according  to 
density,  by  a  sink-float  mechanism,  in  a  “ferrofluid"  situated  within  a  controlled  magnetic  field. 
Ferrofluids  are  stable  colloidal  dispersions  of  superparamagnetic  particles  that  retain  their  liquid 
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properties  in  a  magnetic  field.  These  colloidal  dispersions  form  a  unique  class  of  magnetic  fluids. 
In  the  presence  of  a  suitable  magnetic  field,  ferrofluids  can  float  nonferrous  metals  which  are 
more  dense  than  the  ferrofluid  and  would  therefore  sink  in  the  absence  of  the  magnetic  field.  As 
a  result,  ferrofluids  are  said  to  have  an  “apparent  density”  which  is  controllable  by  a  magnetic 
field.  The  apparent  density  of  a  ferrofluid  can  be  varied  from  about  1  gm/cm’  to  well  over 
20  gm/cm^  by  adjusting  the  current  applied  to  a  surrounding  electromagnet. 

Any  two  nonmagnetic  or  weakly-magnetic  metals  differing  in  density  by  about  lO'  r  may  be 
separated  by  adjusting  the  apparent  density  of  the  ferrofluid  pool  to  a  value  intermediate 
between  that  of  the  two  metals.  Upon  introducing  the  mixed  metals,  the  less  dense  material  floats 
and  the  more  dense  material  sinks.  Mixtures  of  three  or  more  metals  may  be  separated  by 
multiple  passes  through  the  separator,  with  the  ferrofluid  density  being  adjusted  each  time  to 
either  float  or  sink  only  one  of  the  metals  present.  The  ferrofluid  separation  method,  applied  to 
aerospace  scrap  metal,  provides  for  the  separation  of  wanted,  from  unwanted  fractions  of  the 
scrap  mixture  on  the  basis  of  their  different  densities.  As  shown  in  Table  6.  most  contaminating 
materials  differ  in  density  from  that  of  the  desired  titanium  or  superalloy  by  more  than  lO'r. 


TABLE  6 

DENSITY  OF  AEROSPACE  METALS 
AND  TYPICAL  CONTAMINANTS 


Material 

Density 

gm/cm’ 

AUiminum 

2.7 

Titanium  and  Titanium  Alloys 

4.4  to  4.7 

Superalloys 

7.9  to  8.8 

Copper  Alloys 

8.:t  to  a.9 

Lead  Alloys 

io,n  to  n.:t 

Tungsten  Carbide 

About 

Process  principles  are  described  in  the  following  paragraphs. 

A  ferrofluid  placed  in  a  nonhomogeneous  magnetic  field  experiences  a  net  magnetic  force 
which  tends  to  drive  it,  like  all  magnetizable  objects,  towards  regions  of  highest  magnetic  field 
intensity.  The  magnetic  body  force,  Fm,  per  unit  volume  of  fluid,  is  proportional  to  the  induced 
magnetic  dipole  moment,  M,  and  to  the  applied  field  gradient  VH; 

Fm  =  M  V  H  (U 

When  a  nonmagnetic  object  is  immersed  in  a  ferrofluid  in  the  presence  of  a  magnetic  field 
gradient,  as  shown  in  Figure  3,  there  is  a  magnetic  force,  F„,  on  the  object  which  tends  to  expel 
it  to  a  region  of  minimum  field.  This  magnetic  body  force  is  equal  to,  but  opposite  in  sign  to  Fm 
defined  above.  If  the  magnetic  field  gradient  is  parallel  to  the  direction  of  gravity,  the  magnetic 
body  force  can  be  used  to  cancel  the  gravitational  body  force,  Fg,  on  a  nonmagnetic  object 
immersed  in  a  ferrofluid.  Consequently,  an  object  of  high  density  can  float  in  a  ferrofluid  of  low 
density  when  Fm  is  greater  than  F,.  F*  is  given  by  Archimedes: 

F.  =  (p.  -  p,)g  (2) 

This  effect  is  demonstrated  when  a  copper  ball  with  a  density,  p„  of  8.90  gm/cm^,  floats  on 
a  ferrofluid  with  a  density,  p,,  of  1.14  gm/cm’,  placed  in  a  gradient  field  of  1,500  oe/cm,  established 
by  the  tapered  poles  of  a  permanent  magnet.  The  fluid  magnetization,  4  tt  M,  is  200  gauss.  In  this 
case,  the  product,  M  V  H  (24,000  dynes/cm’)  is  high  enough  to  float  even  the  densest  metal, 
osmium,  which  has  a  density  of  22.48  gm/cm^ 
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When  the  object  immersed  in  the  ferrofluid  is  not  totally  nonmagnetic,  the  above  treatment 
needs  to  be  modified  somewhat.  If  the  magnetic  dipole  moment  of  this  object  is  smaller  than  that 
of  the  ferrofluid,  it  is  still  forced  from  the  region  of  high  field  to  the  region  of  low  field.  The 
magnitude  of  the  force  is  smaller,  however,  than  it  would  have  been,  had  the  object  been 
completely  nonmagnetic.  If  the  magnitude  of  the  object’s  magnetic  dipole  moment  is  greater  than 
that  of  the  ferrofluid,  it  will  move  to  the  region  of  high  magnetic  field  and  force  the  ferrofluid  to 
the  region  of  low  field. 


Zone  of  High  Magnetic  Field 


FD  171416 

Figure  3.  Forces  on  Nonmagnetic  Body  Immersed  in  Ferrofluid  —  A  VCO 


A  pool  of  ferrofluid  in  the  gap  of  a  regulated  electromagnet  thus  becomes  a  liquid  whose 
apparent  density  can  be  continuously  varied  by  controlling  the  current  .supply  to  a  suitably 
designed  field  source.  Thus,  solid  objects  of  different  densities  can  be  made  to  float  or  sink  simply 
by  varying  the  electrical  current  to  the  magnet.  In  this  context,  it  is  useful  to  define  a  ferrofluid’s 
apparent  density,  p,  as: 


Pn 


Pi  + 


M  V  H 
e 


(3) 


From  these  equations,  it  can  be  seen  that  objects  having  a  density  lower  than  p„  will  float  in 
the  ferrofluid,  while  thase  having  a  density  greater  than  p„  will  sink.  By  controlling  the  magnetic 
field  and  thus  M  and  VH,  can  be  set  to  a  value  intermediate  between  the  densities  of  the 
objects  immersed  in  the  pool,  and  their  separation  thus  accomplished. 
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This  separation  technique  is  coupled  to  a  means  of  removing  the  ferroiluid  from  the 
separated  objects.  For  the  common  kerosene -based  ferrofluids,  this  can  be  accomplished  by 
washing  the  objects  with  a  chlorinated  hydrocarbon  solvent  or  a  hydrocarbon  solvent,  which  has 
a  lower  boiling  point  than  the  kerosene.  The  ferrofluid  is  recoverable  by  boiling  away  the  solvent. 
A  schematic  of  such  a  process  is  shown  in  Figure  4. 


Ferrofluid 

F  D  17  1416 

Figure  1.  Schematic  of  AVVO  Ferrofluid  Recovery  System 


b.  System  Hardware 

(1)  Pilot  Plant 

AV('()  designed  and  erected  a  pilot  plant  to  jnirify  nonferrous  metal  scrap  tiy  ferronuid 
density  separation.  The  key  element  of  this  facility  is  the  ferroiluid  scrap  separation  module.  In 
addition  to  the  separator  and  its  power  and  control  subsystems,  the  facility  includes  receiving  and 
storage  areas,  auxiliary  screening  and  magnetic  ecpiipment.  |)roduct  wash  and  ferronuid  recovery 
subsystems,  as  shown  schematically  in  Figure."). 

This  facility  is  capable  of  handling  a  wide  variety  of  clean,  ijarticulate  scrap  apiiroximately 
1/8  to  8  in.  in  size,  including  crushed  turning,  cobbles  and  other  irregular  piec'es.  Mixtures  which 
contain  large  (piantities  of  magnetic  contaminants  can  he  handled  in  this  facility  by 
prepurification  on  a  standard  magnetic  pulley  separator. 

(2)  Separator  Magnet 

'I'he  AVFO  sink-lloat  sejiarator  consists  of  a  magnet  capable  of  generating  a  downward 
magnetic  field  gradient,  and  a  materials  handling  system  for  containing  the  ferroiluid. 
introducing  the  mixed  feed  and  removing  the  separated  product. 
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An  iron  yoke  electromagnet  with  a  modified  rectangular  hyperboloid  pole  configuration  has 
been  found  to  lie  a  practical  design  for  the  field  source  of  the  separation  modules  built  to  date. 
This  design  configuration  results  in  a  constant  gradient  in  the  direction  of  gravity.  1'he  magnet 
is  energized  to  the  minimum  magnetic  field  level  for  near  saturation  of  the  ferrofluid  placed  in  the 
working  volume.  The  magnetization  of  the  ferrofluid  will  thus  not  change  significantly  over  the 
height  of  the  working  volume,  and  as  a  re.sult.  the  apparent  density  of  the  ferrofluid  in  the  working 
volume  is  essentially  constant.  Apparent  density  of  the  ferrofluid  is  changed  by  increasing  the 
gradient  field,  i.e.,  hy  increasing  the  current  to  the  electromagnet. 

The  iron-yoke  magnet  design  allows  horizontal  access  to  the  pool  of  ferrofluid,  and  since  the 
magnetic  forces  retain  the  ferrofluid  in  the  gap  of  the  magnet,  conveyors  or  other  means  of 
introducing  the  feed  or  removing  the  separated  products  can  be  introduced  directly  into  the 
ferrofluid  |)ool  without  fluid  leakage  or  sealing  problems.  AVCO  has  built  a  number  of  separator 
magnets  of  different  scale  based  on  the  magnet  configuration  described  above.  The  industrial- 
scale  [lilot  plant  separator  magnet,  to  be  utilized  in  the  current  program,  is  shown  in  Figure  fi. 
This  niiignet  generates  a  magnetic  gradient  constant  to  about  V,  in  a  cube  8  in.  on  a  side,  located 
between  the  jtoles:  at  maximum  power  (68  Kwl,  a  gradient  of  25()  oe/cm  is  generated.  Under  these 
conditions,  a  .iOO  gauss  kerosene-base  ferrolluid  will  have  an  apparent  density  of  nearly 
12  gm/cm'.  This  density  is  sulficient  to  float  all  common  industrial  metals  of  interest.  The  DC 
power  required  to  energize  the  electromagnet  is  provided  hy  two  standard  40  Kw  welding 
generators. 

(3)  Separation  Chamber 

The  separation  chamber  is  a  ves.sel  that  fits  between  the  magnet  pole  pieces.  The  function 
of  the  chamber  is  to  confine  the  ferrofluid  pool  and  to  provide  means  for  introducing  the  mixed 
solids  and  for  removing  the  separated  products.  For  scrap  metal  separation,  this  design  was 
adapted  to  the  magnet  constructed  for  the  pilot  plant  by  using  suitable  conveyors  and  increasing 
the  scale  by  about  a  factor  of  4.  The  conveyors  w-ere  designed  to  carry  scrap  fragments  up  to  about 
'2-8  in,  in  largest  dimension  at  rates  of  over  a  ton  an  hour.  A  sketch  of  the  prototype  chamber  is 
shown  in  Figure  7. 

Since  its  original  assembly  several  years  ago,  a  number  of  modifications  in  the  positioning 
and  configuration  of  the  feed  and  product  removal  conveyors  were  made  to  obtain  reliable  and 
jam-free  operation  of  the  separator.  These  modifications  include:  (a)  extending  the  floats 
conveyor  and  the  sinks  conveyor  beyond  both  edges  of  the  magnet  gap  s('  that  the  ferrofluid  pool 
is  completely  swept  at  its  top  and  bottom,  thereby  eliminating  dead  z,ones  where  scrap  can 
accumulate;  (b)  replacing  the  combed  flights  of  the  floats  conveyor  with  solid  elastomer  flights  in 
which  scrap  pieces  cannot  he  entangled:  (c)  using  undulating  elastomer  in  the  sinks  conveyor  to 
simtilifv  its  construction  and  prevent  crevices  where  pieces  of  scrap  could  jam:  and  (d)  replacing 
a  horizontal  feed  conveyor  with  a  slanted  chute  which  guides  the  feed  into  the  side  of  the 
ferronuid  imol.  In  this  configuration,  the  particles  in  the  feed  fall  into  the  pool  under  the  influence 
of  ;ravity  with  some  mechanical  assistance  from  a  small  paddle  wheel  whose  axis  is  at  the 
ferronuid/air  interface. 

In  addition  to  the  feature  directly  related  to  scrap  movement,  the  chamber  also  has  an 
automatic  system  for  controlling  and  recording  the  apparent  density  of  the  ferrofluid  to  maintain 
uniform  processing  conditions. 
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Figure  7.  AVCO  Ferrofluid  Separation  Process  Material  Handling  System 
(4)  Ferrofluid  Recovery 

The  recovery  of  ferrofluid  that  coats  the  metal  pieces  leaving  the  separator  is  accomplished 
in  two  steps;  washing  the  solids  with  a  suitable  solvent  that  is  miscible  with  the  ferrofluid.  and 
then  boiling  away  the  solvent  to  recover  the  ferrofluid.  Volatile  hydrocarbons  and  chlorocarbons 
have  been  found  to  he  effective  washing  liquids.  Because  of  the  danger  of  flammability, 
hydrocarbons  such  as  heptane  have  only  been  used  in  the  laboratory.  On  a  pilot-plant  scale, 
trirhloroethane  is  used  because  it  presents  no  fire  hazard,  and  has  proven  to  be  an  effective  wash 
liquid. 

In  the  scrap  separation  pilot  plant,  ferrofluid  is  removed  from  the  scrap  leaving  the 
separator  by  trichloroethane  in  a  batch  cascade  degrea.ser.  The  degreaser  consists  ol  three 
chambers.  Clean  solvent  is  introduced  in  the  third  chamber.  This  chamber  overflows  into  a 
second  chamber  which  in  turn  overflows  into  the  first  chamber,  with  the  overflow  of  this  chamber 
going  to  a  storage  tank.  The  first  two  chambers  are  heated  to  boiling  while  the  third  chamber  is 
operated  cold.  A  basket  that  contains  approximately  one  cubic  foot  of  scrap  is  dipped 
sequentially  in  each  of  the  three  pools  and  placed  in  the  vapor  space  over  the  first  pool.  In  this 
manner,  the  scrap  receives  a  four-stage  wash,  the  fourth  wash  being  obtained  by  condensing 
vapors  on  the  cold  scrap  leaving  the  third  chamber.  The  hot  scrap  is  then  air  dried  to  remove 
residual  solvent.  The  ferrofluid-solvent  mixture  leaving  the  degreaser  accumulates  in  a  storage 
tank  until  approximately  200  gal  are  obtained,  and  is  recycled. 

The  washing  solvent  is  pumped  from  storage  into  the  cold  tank  of  the  degreaser.  Ferrofluid¬ 
laden  .solvent  is  withdrawn  from  the  boiling  tank  and  sent  to  a  holding  tank.  When  a  sufficient 
quantity  (IfiO  gal)  of  ferrofluid-solvent  mixture  is  obtained,  it  is  pumped  to  a  batch  still.  Heat  is 
applied  to  the  still  to  attain  a  liquid  temperature  of  250°F.  assuring  volatilization  of  the  solvent. 
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The  liquid  is  then  allowed  to  cool,  withdrawn  from  the  bottom  of  the  still,  and  returned  to 
ferrofluid  storage.  In  the  event  that  a  minimum  liquid  level  is  attained  prior  to  achieving  the 
250°F  temperature,  the  product  remaining  in  the  still  is  mixed  with  the  next  lot  of  diluted 
ferrofluid.  By  operating  in  this  manner,  it  is  possible  to  obtain  a  ferrofiuid  of  constant 
composition  and  properties. 

c.  Program  Plan  Details  (Phase  I) 

(1)  Titanium  Program 

The  principal  contaminants  precluding  the  use  of  titanium  scrap  in  critical  applications  are 
tungsten  carbide  tool  fragments.  A  secondary,  although  still  significant,  class  of  contaminants  are 
nonmagnetic  or  weakly-magnetic  steels  and  nickel-base  alloys.  Aluminum  is  the  only  important 
metal  less  dense  than  titanium  that  frequently  occurs  as  a  contaminant.  This  is  not  a  serious 
problem  because  the  principal  titanium  alloys  contain  significant  quantities  of  aluminum. 
Therefore,  aluminum  contamination,  unless  very  large,  can  be  corrected  by  dilution  with 
titanium  sponge  and  other  alloying  ingredients.  The  emphasis  in  this  program  was  accordingly  on 
the  removal  of  the  tungsten  carbide,  superalloy,  stainless  steel,  and  other  contaminants  more 
dense  than  titanium  itself. 

In  order  to  develop  and  convincingly  demonstrate  the  purification  of  titanium  turnings,  it 
was  necessarv’  to  consider  the  variation  in  scrap  characteristics  likely  to  be  encountered  in 
practice,  and  to  demonstrate  the  flexibility  of  1  he  purification  system  to  handle  these  scrap  types. 

From  the  viewpoint  of  sink-float  separation,  th-’  most  important  variable  scrap  character¬ 
istics  are  tabulated  below: 

Degree  of  Contra!  in 
Characteristics  tscrgp  Ih-etreatment 


Size  Range 

Fair 

Bulk  Density 

Poor 

Oil  and  Water  Content 

Ocxrd 

Contaminant  Content 

Ptxir 

Prior  to  purification  by  sink-float  separation,  turnings  must  be  crushed  in  a  hammer-mill, 
cleaned,  and  dried.  The  size  range  desired  is  from  3  in.  to  about  1/8  in.  These  specifications  are 
typically  met  in  the  usual  chips  available  from  scrap  dealers.  Very  small  chips  can  accumulate 
in  the  .separator  and  harm  purification  efficiency  thus  reducing  processing  rates;  it  is  therefore 
desirable  that  the  lower  limit  be  as  large  as  possible,  as  long  as  this  does  not  result  in  the  rejection 
by  screening  of  too  large  a  proportion  of  the  turnings.  The  proper  balance  between  removal  of 
small  turnings  and  product  loss  is  tberefore  an  important  decision. 

For  a  fixed  size  range,  the  bulk  density  of  turnings  depends  strongly  on  their  thickness.  This 
variable  is  controlled  totally  by  the  machining  proce.ss.  and  crushed  turnings  may  range  in  bulk 
density  from  about  10  to  40  Ib/ff*.  It  is  expected  that  high  bulk  density  chips  should  be 
processable  at  a  higher  rate  than  low  bulk  density  chips.  Accordingly,  it  was  necessary  to  study 
the  purification  of  various  types. 

As  noted  previously,  typical  chips  available  from  scraji  dealers  are  oil-  and  water-free.  This 
would  he  a  siiecification  placed  on  chips  to  be  purified  by  sink-float  seiiaralion.  The  presence  of 
oil  and  water  in  turnings  can  have  two  types  ol  harmful  effects  on  the  sink-float  process,  one 
ixitentially  much  more  serious  than  the  other.  The  less  serious  effect  is  the  dilution  of  the 
ferrofluid  by  the  oil  (water  not  being  soluble  in  ferrofluid  would  he  floated  to  the  surface  and  have 
no  harmful  effect ).  During  the  actual  purification  run.  this  dilution  effect  would  be  com)rensated 
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for  automatically  by  the  ferrofluid  density  control  system.  Should  the  dilution  be  so  severe  that 
compensation  becomes  impractical,  the  density  of  the  ferrofluid  would  fall,  and  some  titanium 
would  start  to  sink  rather  than  float.  This  is  a  fail-safe  situation  for  titanium  since  it  does  not  lead 
to  contamination  of  the  purified  titanium.  If  the  presence  of  oil  in  the  turnings  is  large  and 
persistent,  it  would  lead  to  serious  dilution  of  the  ferrofluid  supply  and  require  make-up  by 
concentrated  ferrofluid  and  intentional  purge  of  some  of  the  diluted  ferrofluid.  Both  of  these 
contingencies,  loss  of  titanium  and  loss  of  ferrofluid,  although  economically  harmful,  do  not 
threaten  the  quality  of  the  purification  and  thus  the  basic  integrity  of  the  process. 

The  more  important  harmful  effect  of  the  presence  of  oil  and  water  in  turnings  is  to  make 
them  “sticky,”  particularly  if  the  oil  and  water  are  emulsified.  The  stickiness  may  result  in  the 
adhesion  of  small  dense  impurities  to  large  titanium  turnings.  The  resulting  composite  may  be 
close  enough  to  the  density  of  titanium  to  float  in  the  ferrofluid  and  thus  to  contaminate  the 
product.  Because  of  the  potential  seriousness  of  this  effect,  the  purification  of  scrap  contaminated 
by  large  quantities  of  oil  and  water  was  examined  in  the  course  of  this  program. 

The  most  harmful  class  of  contaminants  requiring  removal  from  titanium  turnings  are,  of 
course,  tungsten  carbide  tool  fragments.  Because  of  the  potential  seriousness  of  dense  inclusions 
in  critical  aircraft  parts,  the  removal  of  these  contaminants,  above  a  certain  size,  must  be 
complete.  As  a  working  goal,  this  size  was  1/64  in.  When  fragments  of  this  size  are  removed 
completely,  it  can  be  assumed  that  considerably  smaller  ones  will  also  be  removed  with  high 
efficiency. 

Because  minor  contamination  by  nonmagnetic  or  weakly  magnetic  steel  is  a  less  drastic 
problem  than  contamination  by  tungsten  carbide  fragments,  the  removal  of  the  former  class  of 
contaminants  need  not  be  complete.  A  residual  level  of  0.1''<  or  so  is  tolerable. 

The  contamination  level  in  the  sample  of  titanium  turnings  to  be  purified  in  certain 
experiments  was  artificially  raised  by  the  addition  of  tool  bits,  stainless  steel,  and  superalloy 
turnings.  Used  tools  were  crushed  to  form  chip  fragments  ranging  in  size  from  about  5  mesh 
(0.157  in.)  to  less  than  80  mesh  (0.007  in.).  The  stainless  steel  and  the  superalloy  turnings  had 
about  the  same  size  range  as  the  titanium  turnings  themselves.  The  lower  limit  of  the  size  range 
of  the  tool  chips  was  chosen  to  provide  the  required  severe  test  of  the  separation  process,  and  the 
upper  limit  to  provide  information  on  the  effect  of  size  on  separation  efficiency.  The  size  range  of 
the  tui. lings  was  typical  of  the  size  range  of  supeialloy  and  stainless  steel  scrap  that  could 
contaminate  the  titanium  turnings.  The  level  of  contamination  for  tool  chips  was  0..'1'7,  a  level 
higher  than  is  likely  to  be  encountered.  The  level  of  .stainless  steel  and  superalloy  contamination 
was  5',  .  a  high,  although  reasonably  typical  level  for  heavily  contaminated  scrap.  No  variation 
in  these  contamination  levels  was  planned,  because  the  removal  efficiency  of  contaminants  by 
sink-Hoat  seiiaration,  in  this  low  concentration  range,  was  not  a  function  of  their  concentration. 
Consequently,  the  removal  efficiencies  found  at  these  levels  was  confidently  used  at  other 
contamination  levels  in  the  low  range  to  predict  the  residual  contamination  after  purification. 
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Based  on  the  above  considerations,  a  matr..':  of  scrap-related  variables,  as  listed  below,  was 
explored  in  Phase  I  of  the  program. 


Variable 

Smallest  Size  of  Turning 

Bulk  Density 

Oil  Content 

Water  Content 

Tool  Chip  Content 

Stainless  Steel  and 
Superalloy  Content 


Low 

As-Received 


Level 


High 
-I  5  Mesh 


10  —  20  Ib/ft 

Negligible 

Negligible 

As-Received 

As-Received 


:io  —  40  ib/fc 

5'-, 

b'i 

0.:i<,  Added 
5.0' (  Added 


The  choice  of  operating  variables  presents  less  difficulty  than  the  choice  of  scrap-related 
variables.  The  two  important  operating  variables  are  the  apparent  density  of  the  ferrofluid  pool 
and  the  processing  rate.  An  apparent  density  only  slightly  greater  than  the  density  of  titanium, 
i.e.,  4. ,5  gm/cm^,  and  a  low  processing  rate  are  both  conducive  to  high  purification  efficiencies. 
Too  low  a  density  may,  however,  result  in  an  unacceptable  loss  of  titanium  to  the  sinks  fraction 
and  too  low  a  processing  rate  has  obvious  penalties.  Based  on  practical  conditions  tentatively 
identified  in  experiments  conducted  prior  to  the  initiation  of  this  program,  an  apparent  density- 
range  of  4.7  to  S.,"!  gm/cm-’  and  a  processing  rate  of  400  to  700  tb/hr  was  studied. 


The  experiments  were  carried  out  in  groups  of  three,  as  shown  in  Figure  8.  In  the  former 
.sequence,  a  sample  of  the  feed  turnings  was  X-rayed  to  determine  the  normal  contamination 
content  of  tungsten-carbide  ttxil  chips.  After  separation,  samples  of  the  sinks  and  floats  were  X- 
rayed  again  to  measure  the  efficiency  of  the  separation  process.  The  other  two-thirds  of  the 
sample  w-ere  contaminated  with  tool  bits  and  superalloy  turnings,  and  a  sample  X-rayed.  One- 
half  of  this  lot  was  purified  once  and  samples  of  the  products  X-rayed:  the  other  half  was  purified 
twice  prior  to  X-raying  the  products.  Separated  fractions  were  submitted  to  P&WA  for  chemical 
analysis  of  .selected  samples.  Selected  .samples  were  melted  into  ingots,  converted  to  barstock. 
and  subjected  to  chemical,  NDI,  microstructural  and  mechanical  properties  determination. 

This  experimental  sequence  provided  a  great  deal  of  important  data  about  the  efficiency  of 
the  process.  The  sample  with  the  normal  contamination  level  provided  data  on  the  concentration 
of  contaminants  naturally  occurring  in  titanium  turnings,  as  well  as  the  efficiency  of  the 
separation  process.  The  sample  with  a  large,  controlled  impurity  content  provided  more  accurate 
information  on  the  efficiency  of  the  separation  process.  The  third  sample  was  purified  twice;  the 
floats  from  the  first  purification  were  repurified  (without  ferrofluid  removed  between  the  two 
purifications).  This  provided  data  on  the  value  of  dual  purification  as  a  means  of  attaining 
extremely  high  purities.  On  a  commercial  scale,  this  two-step  purification  process  option  can  he 
carried  out  at  very  little  increase  in  cost  relative  to  a  one-step  purification. 

Throughout  this  portion  of  the  program,  a  careful  record  was  maintained  of  ferrofluid 
properties  as  well  as  the  apparent  density  of  the  ferrofiuid  in  the  separator  during  the  separations; 
however,  it  was  not  possible  to  determine  accurately  any  tendency  for  ferrofluid  degradation  in 
this  phase  of  the  work  because  the  quantity  of  titanium  to  be  processed  was  limited.  Any  long¬ 
term  tendency  for  degradation  was  indicated  in  the  Phase  II  runs. 

Table  7  indicates  the  principal  experiments  that  were  carried  out  to  explore  the  effects  of 
the  major  variables  previously  identified.  The  .scheduled  experiments  were  carried  out  in  the 
range  of  operating  parameters  that  appeared  favorable  based  on  work  that  AV(^0  had  already- 
carried  out.  Rased  on  an  analysis  of  the  results  of  these  experiments,  limited  additional  runs  were 
made  at  optimum  process  conditions. 
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Figure  8.  Basic  Proposed  Test  Sequence  —  Titanium  Scrap  Separation  — 
AVCO 

TABLE  7 

AVCO  FERROFLUID  SEPARATION  SYSTEM  PROPOSED  TEST  VARIABLES 


TITANn'\f  ri'RIFIC,\TI(>.\  --  SERIES  A 

TITANIUM  PURIFICATION  -  SERIES  H 

OaiWTIVK 

OB.IErTIVK 

Oetermine  effects  (if  apparent  density  and  pmcessint:  rate 

Determine  effect  of  not  removing  1/R  in.  material  prior 

on  separation  efficienry 

to  separation. 

SCRAP  PROPKRTIKS 

SCRAP  PROPF.RTIKS 

1.  AlldV  - 

Ti-fiAI-4V 

1.  Alloy 

Ti-(iAl-4V 

2.  Bulk  Density  — 

■ifi  to  :«)  tb/ft’ 

2.  Bulk  Density 

2r,  to :(()  ib/ft’ 

■1.  Oil  and  Water  — 

Negligible 

Oil  and  Water 

Negligible 

4.  Crushed  Scrap 

4.  ('rushed  Sera]) 

Screened  tf> 

-  '  s  in.  Material 

Not  Screened  t<* 

1  s  in.  Material 

Remove 

Remove 

KXPERIMKNTS 

EXPERIMENTS 

Apparent  Density  of  Processing  Rale  1  th/hr) 

Apparent  Density 

of  Processing  Rate  (tb/hr) 

Ferrofluid  Ig/rm’) 

4(X)  7(X)  I1KM1 

FerroOuid  (g/cni*l 

1  400  700  KKKl 

4.7 

x(a)(h)  xtb)  ■’(b) 

4,7 

x(bl  x(h) 

fi.O 

x(a)(h)  x(h)  ?lb) 

o.O 

x(b)  x(b)  ■’(b) 

x(b)  x(b)  •’(b) 

SrheHuleH  Fxperiments 
Tcntfttivp  Fxperimpnfs 

Spparfliion  of  UncontnminntpH  Snmplr  i  p..  “hinnk’ 
Sppnrrtfion  of  rontaminatpH  Snmplp 


SCRAP  RFQl’IRKMFNTS 


X  SchpdiilpH  Kxpprimonts 
1  Vnf  rt  f  i \p  Kx  ppri  mrn  f  s 
B  SeparMtion  of  rncontnminntpH  Samplp 

h  SppnrBlicMi  of  ('onfaniinntpd  Sample 

SCRAP  RKQlfIRKMKNTS 


Tifflnium 
Wflspflloy 
Stainless  Steel 


2.4t>t)  th 
40  th 
40  th 
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Titanium 
Wnspah'v 
Stainless  Steel 


1.000  th 
th 
2r>  th 


TABLE  7 

AVCO  FERROFLUID  SEPARATION  SYSTEM  PROPOSED  TEST 
VARIABLES  (CONTINUED) 


TITANIUM  PURIFICATION  -  SERIFS  I) 


oBJKrrrvK 

IVtormint*  etfe<  t  »>f  low  l)ulk  dtMisity  Ti  on  separation 
efficiencv. 


SrKAP  BUOPKUTIKS 

1.  Alloy 

2  Hulk  Density 

2.  Oil  and  Water 
4  ('rushed  Scrap 

Screened  to 
Remove 

KXPKHIMKNTS 


~  Ti-(>Al-4V 

10  to  20  th/ft* 
NenliKilde 

' «.  in.  Material 


Apparent  Density  of 
Kerrojluid  t^/cm*) 


fvO 

^.2 


Processing  Kate  (tb/hr) 
2(H1  4(H)  7(M) 

x(a)lh)  ‘.Ml) 

■’(1>)  xih) 
x(h)  'Mil 


Scheduled  Kxperiments 

'lent at ive  Kx peri ment s 

Separation  (*f  rncorparninafed  Samfde 

Separation  of  ('oniaminaied  Sample 


SORAP  RK()riHKMK\’I’S 


'rilanimn 
Waspr.lov 
Slainles'i  Steel 


l.lHHt  Ih 
111 
2;.  th 


TITANIUM  PURIFICATION  -  SERIES  C 


OaiKCTIVK 

Determine  effect  of  high  hulk  density  Ti  on  separation 
efficiencv. 


S('RAP  PROPKRTIKS 


I. 


Alloy 

Bulk  Density 
Oil  and  Water 
Cnished  Scrap 
Screened  to 
Remove 


Ti-r>Al-4V 
to  40  tb/ft* 
Negligible 

•  ■<  in.  Material 


KXPKHIMKNTS 


Apparent  Density  of 
Fernifluid  (g/cm*) 

4.7 

5.0 

5.2 


Processing  Rate  t  tb/hr) 
4(M)  7(K)  1(KK» 

xtaKli)  ■’(hi 
?(b)  x(n)(h) 

x(h)  ■’(h) 


X  —  Scheduled  Kxfierinients 
'  Tentative  K.xperiments 
a  --  Separation  ('f  I’ncontaminnted  Sample 
h  —  Separati<m  of  (’nntaminated  Sample 

SCRAP  KF:qumKMKNTS 


Titanivini 
Waspaloy 
Stainless  Steel 


1.2(H)  tb 
25  th 
25  fb 


VITA  Ml  'M  PI  'RIFK  'A  TIPS  SERIES  E 

oaiKC'rivK 

Determine  effect  (»f  oil  and  water  presence  on  separation 
efficiency. 

SCRAP  PHOPKin  iKS 

1.  Alloy  Ti-CAI-lV 

2,  Hulk  Densitv  25  to  :t0  th'fC 

2.  Scraji  Not  to 

He  Cleaned  or 
Screened 
After  ('rushing 

KXPKRIMKNTAI.  CONDITIONS 

Hest  'I’wo  (Nmdifions  as  Determined  from  Series  A 

SCRAP  HKWCIKKMKNTS 

Titanitini  500  th 

Was()alov  10  th 


(2)  Nickel  Alloy  Program 

The  recycling  of  superalloy  scrap  presents  a  more  complex  problem  of  purification  than 
titanium.  Contaminating  elements,  both  less  and  more  dense  than  the  superalloy,  have  several 
origins,  ranging  from  simple  contamination  by  other  scrap  metals  such  as  titanium,  to  adhering 
potting  compounds  containing  bismuth.  Tungsten  carbide  bits  are  not  a  significant  problem 
because  the  long  holding  times  in  superalloy  melting  furnaces  ensure  the  dissolution  of  these 
small  fragments.  However,  interalloy  contamination  of  superalloy  turnings  is  a  serious  problem 
because  of  the  large  number  of  superalloys  in  common  use.  In  this  program,  the  major  emphasis 
was  placed  on  the  removal  of  titanium  contaminants  from  superalloy  scrap.  Emphasis  was  also 
placed  on  the  removal  of  lead,  which  is  a  very  harmful  contaminant  and  typical  of  the 
contaminants  denser  than  the  superalloys. 

The  separation  of  superalloys  from  each  other  appears  to  be  an  exceedingly  difficult 
problem  because  of  the  large  number  of  alloys  in  use  and  their  very  similar  densities.  Therefore, 
in  addition  to  the  basic  purification  work,  an  exploratory  study  was  conducted  on  the  feasibility 
of  employing  the  weak  magnetic  properties  of  superalloys  as  a  basis  for  separating  four 
superalloys  from  each  other.  The  light  impurities  were  Ti-,'iAl-2..‘jSn  turnings  and  the  dense-lead 
shot . 


As  in  the  titanium  work,  a  three-experiment  sequence  was  used.  The  three-experiment 
sequence  is  shown  in  Figure  9.  The  reasons  for  the  use  of  this  sequence  were  the  same  as  those 
given  for  titanium.  The  first  sample  provides  data  on  the  naturally  occurring  contaminants,  while 
the  second  and  third  samples  provided  accurate  data  on  purification  efficiency  for  the  one-step 
and  two-step  purification  process. 

Analyses  included  bulk  density  measurements  on  the  various  contaminant  fractions, 
whether  sinks  or  floats,  as  a  means  of  obtaining  a  .semiquant itative  measure  of  contaminant 
content  and  Waspaloy  loss.  An  X-ray  was  not  planned  because  this  method  would  only  yield 
reliable  information  on  lead  content,  and  it  was  more  economical  to  obtain  the  lead  content  as 
part  of  the  elemental  analysis  of  the  melted  samples. 

The  same  ferrofluid  properties  were  measured  as  in  the  titanium  portion  of  the  program. 

The  operating  conditions  under  which  the  separation  was  carried  out  are  listed  in 
Table  8.  These  conditions  were  based  on  preliminary  tests  on  Waspaloy  purification  previously 
carried  out  by  AVCO. 

As  has  been  pointed  out  in  previous  sections,  the  physical  density  differences  among  most 
nickel-ba.se  superalloys  are  too  small  to  serve  as  a  basis  for  their  reliable  .separation  by  sink-float 
separation.  The  differences  in  the  weak  magnetic  properties  of  superalloys  may.  however, 
augment  these  density  differences  sufficiently  for  the  separation  of  many  alloys  to  become 
feasible.  This  is  due  to  the  fact  that  the  apparent  density  of  a  magnetizeable  object  in  a  ferrofiuid 
separator  is  larger  than  the  object’s  physical  density.  A  small  exploratory  program  was  therefore 
proposed  to  investigate  the  feasibility  of  this  approach.  The  alloys  chosen  for  this  study  and  the 
relevant  physical  properties  of  these  alloys  are  listed  in  Table  9. 
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TABLE  8 

AVCO  FERROFLUID  SEPARATION  SYSTEM 
PROPOSED  TEST  VARIABLES  WASPALOY 
PURIFICATION  EXPERIMENTS 

oH.fKrriVK 

Determine  etteets  of  apparent  density  and  pnaessing  rate  on 
separation  efficienev 

SCRAP  PKOPKKTIKS 

1  ('rushed,  deceased  and  drv  turnings. 

2  Size  Range  to  *  in 

KXPKRIMKNTS 

.Xfiparent  Den.it\  of  Kerroflmd 

Removal  <*f  l.ighf  Removal  of  Dense  Processing  Rate  tRi/hr) 
Contaminants  ( ‘ontaimnants  12(K) 

HO  Kr.  x(aMh)xlh)  '^tbl 


llltamInHnt^ 

(UNI 

12(K) 

K 

Kill  M  h)  x(  h) 

■'Ibl 

h:. 

xdi) 

X(l)l 

H  H 

Si  heduled  Kx|a*nments 

I'entat ive  KxfH'rnnents 

Separation  of  Cneontaminated  Sample 

Separation  of  (  ont animated  Samjiie 


TABLE  9 

PHYSICAL  PROPERTIES  OF 
SELECTED  SUPERALLOYS* 


All„\ 

{ft 

/(-ffC' 

Mnfiru'fK  l^rtipt’rltrs 

AJ.Hti 

/"  .vi> 

I  01  t"  1  Ii't  nl  200  rsT.sfrrf 

H  Si 

/  OOS  at  Jttlt  aiTsh'd 

I\:is 

^  21 

1  00/  at  JIKI  aiTsti  li 

H  Jf) 

1  til2  at  Jtui  airsird 

•  7  Vi  Am 
\frlu  m,- 

frimt  Acntsfuii' 
■f.  AFM./  TH  US 

f  Sfruitural  Metals  Hamihimk. 
1  /.'>  IH72  Ihihluatiitn 

d.  Separation  Test  Program  (Titanium) 

(1)  Test  Procedure 

With  few  exceptions,  a  common  pna-ediire  was  used  diiriiiR  all  the  AVCO  experimental  test 
runs.  For  blank  (uncontaminated)  runs,  chips  were  dumped  directly  from  the  shipping  drums 
onto  a  conveyor  going  to  the  feed  hopper  for  the  ferrofluid  separator.  For  runs  carried  out  with  a 
salted  (contaminated)  feed,  the  contaminants  (stainless  steel.  Waspaloy  and  tungsten  carbide 
tool  bit  fragments)  were  added  to  the  conveyor  at  the  same  lime  as  the  chiiis.  This  was  expected 
to  result  in  a  reasonably  uniform  feed  mixture  to  the  ferrofluid  separator. 

The  feed  rale  to  the  ferrofluid  separator  was  controlled  by  the  output  of  a  vibratory  feeder 
at  the  bottom  of  the  feed  hopper.  At  the  start  of  each  series,  the  output  of  the  vibratory  feeder  was 
calibrated  with  the  type  of  scrap  to  be  procesM’d  by  measuring  the  weight  of  the  scrap  collected 
in  a  barrel  within  a  given  period  of  time  at  different  sellings  of  ihe  vibratory  feeder.  At  any  given 
setting,  the  reproducibility  of  the  output  (feed  rate)  of  the  vibratory  feeder  varied  by  )  10',. 
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The  scrap  leaving  the  vibratory  feeder  fell  into  the  inclined  chute  leading  to  the  ferrofluid 
density  separation  vessel,  and  was  then  forced  to  the  side  of  the  ferrofluid  pool  by  a  rotating 
paddle  wheel.  The  three  rubber  blades  of  the  rotor,  turning  at  100  rpm,  distributed  the  scrap  in 
the  pool  as  quickly  as  it  came  down  the  chute,  thereby  preventing  a  mechanical  jam  and  possible 
interruption  of  separator  operation. 

Low  density  fractions  of  the  feed  were  skimmed  from  the  top  ferrofluid  pool,  swept  into  a 
chute,  and  then  collected  in  a  screen-lined  basket.  The  high  density  fraction  of  the  feed  was 
removed  from  the  bottom  of  the  ferrofluid  by  a  moving  rubber  belt  conveyor  (linear  velocity  from 
35  to  70  ft/min)  and  dumped  into  a  second  basket  alongside  the  magnet.  This  was  possible 
because  the  ferrofluid  in  the  gap  is  retained  by  the  magnetic  field.  .Separate  baskets  were  used  to 
collect  sinks  and  floats  to  eliminate  cross  contamination  from  run  to  run. 

AVCO  Ferrofluid  No.  1224  was  used  as  the  working  medium  for  the  titanium  se|)aration 
tests.  The  magnetization  curve  for  this  kerosene -based  ferrofluid  is  presented  in  Figure  10.  It  had 
a  nominal  magnetization  of  290  gauss  at  3.500  oe.  The  magnetization  curve  was  obtained  on  a 
daily  basis  during  operation  as  a  quality  control  measure.  There  was  less  than  a  3'  variation  in 
the  measured  magnetization  of  the  ferrofluid.  This  ferroflind  lias  a  true  densitv  of 
1.160  gm/cm^  and  a  viscosity  of  3.5  cp  at  ;t0°('. 


FD  171422 


Figure  10.  Magnetization  Curve  of  AVCO  Ferrofluid  1224  llsed  in  Titanium 
Purification  Testa 

The  apparent  density  of  the  ferrofluid  pool  was  adjusted  by  controlling  the  current  to  the 
electromagnet.  In  these  tests,  the  DC  current  ranged  from  300  to  420  amps  corresponding  to  a 
variation  of  150  to  200  oe/cm  to  the  vertical  component  of  the  magnetic  field  gradient. 

Operating  density  was  established  by  varying  the  current  to  the  electromagnet  until  the 
desired  reading  on  the  density  control  elements  was  attained.  This  density  controller  measured 
the  pressure  of  the  ferrofluid  against  a  .sen.sor  at  the  bottom  of  the  pool.  Since  the  liquid  level  in 
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the  pool  was  kept  constant,  this  pressure  measurement  of  the  equivalent  head  of  ferrofluid  was 
proportional  to  the  apparent  density  of  the  ferrofluid.  A  calibration  curve  (Figure  11)  was 
obtained  by  establishing  the  pressure  level  at  which  reference  objects  of  known  density  were 
neutrally  buoyant  in  the  ferrofluid.  This  curve  is  independent  of  the  properties  of  the  ferrofluid 
outside  the  magnetic  field.  An  operating  density,  controllable  to  0.5  in.  H^O  (equivalent  to  a 
density  variation  of  0.05  gm/cm^),  can  be  maintained  even  if  the  properties  of  the  ferrofluid  vary 
slightly. 
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Figure  I!.  Correlation  Between  IWssure  Readout  and  Apparent  Ferrofluid 
Density  for  AVCO  Pilot  Separator 

The  separated  fractions  leaving  the  separator  were  collected  in  open-mesh  baskets  lined 
with  oO-mesh  screening.  The  baskets  were  (hen  countercurrent ly  washed  with  trichloroethane  in 
a  hatch  degreaser.  After  cleaning,  the  fractions  were  dumped  in  plastic-lined,  tared  containers, 
i.e..  either  pails  or  drums  depending  on  the  amount  of  material  and  weight.  When  there  was 
sufficient  material  to  use  a  drum,  a  fraction  of  the  contents  of  each  basket  was  (ilaced  in  a  tared 
pail  to  provide  a  representative  sample  for  further  analysis.  The  baskets  were  then  cleaned  for 
reuse  in  a  subsecpient  run. 
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(2)  Test  Results  (Titanium) 


AVCO  completed  a  series  of  experimental  tests  with  titanium  chip  samples  to  establish  the 
effects  of  system  variables  on  the  efficiency  of  the  ferrofluid  separation  process.  The  original  test 
plans  and  the  test  sequence  were  presented  in  Table  7  and  Figure  8,  respectively.  The  actual  test 
program,  summarized  in  Table  10,  conformed  to  the  previous  plans,  with  minor  deviations  in 
Series  A  through  D.  Series  E,  originally  intended  to  test  the  effects  of  a  high  oil  and  water  content, 
was  cancelled  for  two  reasons:  (a)  AVCO  judged  the  ferrofluid  system  to  be  tolerant  of  high  levels 
of  oil  and  water  content;  and  (b)  adequate,  efficient  chip  processing  procedures  have  been 
established  to  control  oil  and  water  content  at  acceptable  levels.  Table  11  consolidates  all  data 
obtained  during  the  AVCO  Test  Series  A-D. 

(a)  Diacussion  of  Results 

The  data  obtained  on  the  distribution  of  feed  material  into  sinks  and  float  fractions  provides 
a  significant  indication  of  the  efficiency  of  the  ferrofluid  density  separation;  however,  a 
comprehensive  evaluation  requires  analytical  data  on  the  composition  of  the  separated  fractions, 
because  the  sinks  will  inevitably  contain  clean  chips  and  the  floats  may  contain  contaminants, 
dependent  on  process  conditions. 

The  effect  of  separation  conditions  on  the  samples  of  Lot  01  (Table  8)  are  summarized  in 
Figures  12  through  14.  In  each  figure,  the  weight -percent  sinks  are  plotted  as  a  function  of  feed 
rate  of  turnings  at  a  given  operating  density.  As  shown  in  these  figures,  the  weight -fraction  sinks 
for  the  first  pass  are  generally  higher  than  the  weight-fraction  sinks  obtained  when  the  floats  are 
reprocessed.  In  all  cases,  the  weight-fraction  sinks  for  the  first  pass  are  higher  than  the  level  of 
contaminants  added.  This  suggests  that  the  bulk  of  the  contaminants  may  be  removed  in  the  first 
pa.ss.  The  fact  that  the  blank  sample  and  Pass  II  sinks  are  at  similar  levels  also  tends  to  support 
the  hypothesis.  This  was  substantiated  by  subsequent  X-ray  analysis  of  the  samples. 

Figure  12  shows  that  at  an  operating  density  of  5. .3  gm/cm’.  there  was  little  effect  of  feed  rate 
over  the  range  of  3,50  to  800  tb^r  on  the  weight-fraction  sink.-*;  however,  increasing  the  feed  rate 
of  chips  to  ^  12(X)  tb/hr  resulted  in  a  significant  increase  in  weight -percent  sinks  (more  than  20''i 
of  the  total),  both  for  Pass  I  and  Pass  11,  thereby  indicating  a  significant  amount  of 
noncontaminated  titanium  in  the  sinks. 

In  general,  it  appears  that  at  lower  operating  densities  (5.0  gm/cm’  and  4.7  gm/cm’)  which 
approach  the  density  of  titanium,  there  is  a  noticeable  effect  of  feed  rate  on  the  weight-percent 
sinks  (Figures  13  and  14).  As  the  feed  increases,  the  weight -percent  sinks  increase,  indicating 
mi.scla.ssified  titanium.  The  sharp  rise  in  the  sinks  level  can  be  explained  in  terms  of  particle 
interaction.  With  a  small  driving  force  tending  to  float  the  titanium,  which  results  in  a  long 
residence  time,  and  at  high  volumetric  feed  rate,  the  concentration  of  particles  in  the  ferrofluid 
pool  in  the  separator  increases  to  the  point  that  the  particles  interact  which  leads  to  hindered 
settling.  In  those  runs  where  20‘i  sinks  were  observed,  it  was  calculated  that  the  volumetric 
titanium  particle  concentration  was  approximately  0.25'’;.  In  arriving  at  this  estimate,  it  was 
assumed  that  the  chips  were  inertially  controlled  and  were  only  present  in  the  upper  half  of  the 
working  volume  of  the  separator.  The  effective  concentration  of  the  chips  is  much  higher  than  this 
value  because  the  hydrodynamic  interaction  volume  of  a  flat  chip  is  a  function  of  the  cube  of  its 
largest  dimension.  Since  a  typical  chip  appears  to  be  approximately  1/2-in.  by  1/2-in.  by  l/32  in. 
thick,  the  hydrodynamic  volume  of  a  chip  is  about  16  times  larger  than  its  actual  volume, 
resulting  in  an  effective  chip  concentration  of  4'’;  by  volume  in  these  cases.  Since  there  is  less  than 
one  chip  length  separating  any  two  chips  in  the  fluid,  hindered  settling  can  occur. 


TABLE  10 

AVCO  FERROFLUID  SEPARATION  OF  TITANIUM  ALLOY  CHIPS 

TEST  DATA 


Apparent 
Fi'rrofluid 
Hensiiy  (^/cm 

Series  .4 

Lot  01 

Medium  lJenstt\ 

')  Screened 

Nem’.s  H 

Lot  o:f 

Medium  Density 

No  Sereenmf^ 
of  Fines 

Nenc.s  (’ 

/.of  0.5 

Hif^h  Density 
Screened 

.SVru’.''  D 

Lot  04 

Lou  Density 
Screened 

2(M)  tb.'hr  Nominal  IVocessinK  Rale 

f'l.lO* 

('R202 

4tKl  th/hr  Nominal  Proressinjij  Hale 

4.7 

••  H4(«I 

B:184 

(•4:w 

('410 

(':14.7 

('R4(K> 

('K492 

('R:19.4 

.‘lO 

B4ii 

_ 

H45r> 

('410 

('440 

cm 

(■;i(>'. 

rR440 

('R18.7 

I'Rli’iO 

(•R;i9o 

0.4 

B494 

_ 

('47'. 

('41*) 

rR410 

CRfil' 

CRIKI.-, 

7(X)  fb/hr  Nominal  Processing  Kate 

4,7 

B72.7 

('7:1.=. 

('ooO 

r7ir, 

('R.V.0 

CKliMi 

rH78.'. 

0,0 

Bfi«) 

('6.S9 

('7110 

CTl.'i 

CRilOO 

('RfiO.'’. 

(’Rft’lO 

0.4 

(',.^:^o 

('9'..'. 

('00.5 

(’R9:ir. 

cum--, 

(',78.'! 

- 

(',,,800 

1000  Ih/hr  Ni*minal  l^nuessing  Unle 

4.7 

- 

- 

fi.O 

ra9o 

_ 

('R79.'S 

5,4 

ri200 

- 

('1000 

CRlUO 

('RllOO 

•Actual  Processing  R^fe 

'•B 

RIank  ♦  Nonconi aminated)  100  tb  nm 

(■ 

('ontaminated  (artificinllvi  200  Jb  run 

CR 

rontaminated  (artifirinllv)  Rerun  100  lb  floats  from  P 

Dupliralp  runs 

WiT 
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TABLE  11 

AVCO  EXPERIMENTAL  DENSITY  SEPARATION  TEST  DATA  TITANIUM  SERIES  A-D 


Weight 


Feed  Material 

Run  Su. 

Confammanfs 

Feed 

Rate 

(th/hr) 

operating  Operating 
Measure  Density 
(in.  H/J) 

Total 
Product 
Stream  itH) 

Weigh  t 
Fhals 
Ittii 

Weight 

Sinks 

itb) 

Weight 

Percent 

Klnats 

WeiA'/it 

Percent 

Sinks 

Series  A 

!,ot  (U 

2 

Hlank 

400 

.47' 

4  7 

100.0 

M.4.() 

JO  4) 

70.1 

J.4.9 

Medium  Density 

1 

Hlank 

45.^ 

40 

•u.O 

FJO.O 

110.1 

14.4 

89.0 

10.4 

Ti-HA1-4V  Screened 

w.\ 

Blank 

4jri 

40 

-n.O 

9a.  0 

94.7 

I.J 

98.7 

1 ,4 

rv2 

Blank 

494 

4J 

n.4 

!  ia.J 

1  14.7 

1.4 

98.7 

l.:i 

9 

(Nmtaniinated 

4:ti» 

47' 

4.7 

JaJ.ft 

JJK.O 

J4.0 

90.4 

0  7 

10 

('nntaminated 

Ttku 

47' 

4.7 

J44  0 

IH4  (t 

40.0 

78.0 

J).4 

('nntaininated 

410 

40 

n.O 

■J41.(i 

JJ7  0 

14.0 

94.0 

0.0 

1 

('nntaminaied 

40 

.n  0 

Jll  s 

194  0 

17.8 

91.0 

8.4 

8 

(V>niaininated 

HfMi 

40 

J17  0 

104  0 

44.0 

74.1 

Jl  0 

:t 

(Vtnfaininated 

4J 

4 

Jl  >S 

197.0 

IFO 

94,7 

4.:t 

4 

(’ontaininaical 

r>:to 

4J 

.'i  4 

ii;o  <t 

100  1) 

9.0 

94.4 

4  7 

n 

('nnfaminaft'd 

TSn 

IJ 

4 

1  mi 

170  0 

10.0 

04.1 

.4  It 

fvl 

rontaminated 

FJtKl 

4J 

4 

J4:.  0 

171  0 

01  .0 

74.1 

■J4  0 

Hidt  <4  Kun  Klnjils 

,7 

(’nniaininaied 

400 

47 

)  ~ 

0*!  .4 

O'.  0 

4  7 

91  1 

4.0 

Hull  nl  Hun  10  Klnni^ 

IH 

('ontanunaieil 

n.%0 

47 

t  7 

yt  1 

s.'.  7 

{  7 

94, 

I.J 

Unit'  o|  Hun  (1  KluiOs 

14 

('<»ntaminau*<l 

140 

lO 

*.  n 

114  1 

1 10.7 

■>  7 

07  0 

J  4 

Hiiil  lit  Hun  7  Kltiiit'- 

In 

( ’‘*nrannnafe<l 

itlHt 

Itt 

1 1 

^J  J 

min 

J.J 

07  ) 

J.*’ 

Mjiil  nt'  !{un  S  Kl'ials 

l»i 

i  'nniainijianal 

78n 

til 

ti 

00  0 

.4 

11.1 

S4  0 

17  0 

fHiH  "t  Hun  '1  Finals 

I  1 

('nntaminaied 

no 

JJ 

4 

01  ■. 

HO  0 

1  0 

f»7.0 

J.l 

Dad  nf  Hun  I  KlnaN 

IL* 

( ’nntaininated 

ns:^ 

IJ 

.%  4 

ss  < 

SJ  0 

1  .'J 

08,0 

!  1 

Halt  nt  Hun  n  Flnats 

FI 

{ 'nntaminaied 

S)»0 

IJ 

4  4 

7‘t  0. 

74  7 

0,0 

08, S 

I.J 

Halt  nt  Hun  M  Finals 

nn 

( ’‘*niaminate<l 

I  t  to 

IJ 

*  ' 

.mi  .4 

04  ! 

14  J 

^1,1 

18.0 

Seru-s  H 

JO 

t  ’"niaimnated 

10' 

4- 

t  7 

J4:...4 

J14.4 

•)•>  •) 

90,4 

0  4 

l,ni  n:i 

Jl 

(  ‘auammated 

*.■.(  1 

t  7 

171  J 

1J4  4 

t7,7 

7  J.J 

J7  8 

Medium  ltensO\ 

J4 

( ’onlammaf  e^l 

H" 

ttt 

*.  1  > 

170  !* 

litO  J 

10.7 

94,0 

o.il 

Fi  OAl  IV 

JJ 

<  nniaminaOa! 

Titti 

tM 

1 . 

:'l^  u 
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4 1 .1 1 

79.4 

JO 
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Ft 

(*•  auammaifd 
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to 
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vr 

i 

sU  J 

s;;>  (1 

"  1 

9J  J 

7  .s 
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JU 
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1  " 
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Jl 

(  •aOamtn.it*  «t 

e  ! 

1  • 
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..'  0 
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1" 

•.  n 

1  0 

08,1 

1.0 

l‘i  OAl  IV 

.'!) 

(  nnlammafrd 

u- 

1  ■■ 
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1 
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x\ 
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•I  n 
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1 
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’It" 
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1  . 

'  0 

i;o  t 

0  ’ 

01  4 

8  4 
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TABLE  n 

AVCO  EXPERIMENTAL  DENSITY  SEPARATION  TEST  DATA  TITANIUM  SERIES 

A-D  (CONTINUED) 


Feed  Material 

Run  No. 

Confammanfs. 

Feed 

Rate 

(tb/hr) 

Operating  Operating 
F^essure  Density 
(in.  HjO)  (gm/cm*) 

Weight 
Total 
Product 
Stream  Htil 

Weight 

Floats 

(ft)) 

Weight 

Sinks 

(ft) 

Weight  Weight 
Percent  Percent 
Floats  Sinks 

4f^ 

rontaminafed 

.945 

97’ 

4.7 

1S7.9 

14fi  H 

41. n 

78.9 

21.8 

4.'-> 

rnntaminatpd 

199 

4(1 

'» (1 

195  9 

114.7 

it.'j 

90.9 

9.8 

44 

Contaminated 

9ti5 

4(1 

"»  0 

19S  5 

1S4.5 

14.11 

99.7' 

7.1 

4'J 

Contaminated 

4(Kt 

\1 

"v9 

T 

95.9 

91.1 

90.7 

9,9 

4:t 

Contaminated 

«9.5 

4-J 

"v9 

:.'M  8 

79.9 

(J9.(S 

.87,4 

Half  of  Run  -IH  Floats 

Contaminated 

995 

97’ 

(.7 

(W.4 

49  5 

IS. 9 

79.4 

97.8 

Half  of  Run  40  Floats 

r-K) 

C  ontaminated 

4(1 

*.  (1 

5(7  H 

59  S 

9.0 

94.7 

5.9 

Half  of  Hun  44  Floats 

49 

f’ontaminated 

9‘tO 

)(' 

7  (1 

H5.1 

79,7 

5.4 

99.5 

(75 

Half  of  Run  4‘i  Floats 

47 

Contaminated 

995 

4J 

7  9 

79  4 

7(79 

9.9 

9(70 

4.0 

Half  of  Run  4.1  Floats 

48 

(’ontaminated 

tilio 

49 

7.9 

(il  1 

41  5 

19.0 

88. 0 

99,0 

Feed  Rate  Ib/hr 


FO  171424 

Fillin'  12.  AVCO  Fernifluid  Separation  Test  Series  A.  Wei^ht-Perient  Sinks  rs 
Feed  Rate  of  Cant arn mated  Titanium  Chips  (Jjit  01)  at  an  Operating 
Density  of  5. :i  ttm/em  '  ( -12  in  HAD 
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The  threshold  value  of  feed  rate  on  a  weight  basis  at  which  misclassification  occurs,  appears 
to  he  a  function  of  the  bulk  density  of  the  scrap  being  proce.ssed.  Likewi.se,  this  threshold  value 
decreases  as  the  operating  density  approaches  that  of  the  titanium  being  processed,  i.e., 
4.5  gm/cm“,  Similarly,  for  a  given  operating  feed  rale,  sinks  increase  as  the  operating  density 
approaches  that  of  titanium. 

Summary  results  for  Lots  04  and  05  are  presented  in  Figures  15  and  Hi.  The  results  for  Lot 
on,  which  is  similar  to  Lot  01  except  that  it  was  not  screened  to  remove  fines,  are  similar  to  those 
obtained  for  Lot  01.  The  chances  of  misclassificatuin  were  anticipated  to  be  higher  without 
removal  of  the  fines.  X-ray  results  should  establish  the  merits  of  removing  fines.  These  results 
appear  to  be  consistent  with  a  model  which  assumes  that  there  is  little  misclassification  until  the 
concentration  of  particles  in  the  ferrofluid  p(M)l  becomes  so  high  as  to  result  in  particle  interaction 
and  hindered  settling.  The  trajectory  of  a  particle  is  then  no  longer  a  function  of  its  density 
relative  to  that  of  the  ferrofluid,  but  instead  a  function  of  the  motion  of  the  total  particle 
population.  If  the  feed  rate  is  excessive,  it  is  possible  that  incoming  material  misclassifies  objects 
that  would  normally  float  or  sink,  e.g..  a  relatively  heavy  contaminant,  prone  to  sink.  ma\'  be 
carried  up  hy  a  high  concentration  of  light  chips  intent  on  tloating,  or  light  chips  forced  down  by 
the  concentration  of  incoming  chips  may  be  captured  by  the  sinks  conveyor. 


Feed  Rate,  Ib/hr 

FD  171427 

Fif;urc  15.  AVCO  Ferrofluid  Separation  Test  Series  1).  Weiftht-I’ercent  Sinks  es 
Feed  Rate  of  Contaminated  Titanium  Chips  (Lot  04)  at  Various  Feed 
Rates  and  Operatinfi  Densities 
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FD  171428 

Fif’urv  16.  AVCO  Ferrofluid  Separation  Test  Series  ('.  Weight-I’ercent  Sinks  rs 
Feed  Hate  of  Contaminated  Titanium  ('hips  (Lot  05)  at  Various  Feed 
Rates  and  Operating  Densities 

With  proper  conditions,  where  there  is  no  gross  interaction,  and  with  steady-stale 
operations  characteristics  of  a  production  plant  as  compared  to  those  of  a  pilot  plant  operation, 
it  should  be  possible  to  completely  eliminate  all  tungsten  carbide  inclusions  larger  than  a 
minimum  size  with  the  ferroOuid  process.  However,  there  are  indications  that  the  ferrofluid 
process  will  not  be  able  to  produce  a  product  totally  free  of  inclusions  below  a  minimum  size.  A 
small  number  of  very  fine  inclusions  will  inevitably  be  present  because  of  "hindered  settling" 
and/or  "rafting."  A  more  detailed  consideration  of  these  phenomena  follows: 

(b)  Hindered  Settlinfi 

An  estimate  of  the  particle  population  in  a  ferrofluid  levitation  separator  may  be  obtained 
by  assuming  that  the  rate-limiting  step  is  the  transfer  of  titanium  scrap  from  its  introduction  in 
the  middle  of  the  ferrofluid  .separator  to  the  top  of  the  ferrofluid  pool.  The  ferrofluid  volume  in 
which  separation  takes  place  is  illustrated  schematically  in  Figure  17.  The  feed  is  shown  being 
introduced  at  the  midplane,  with  the  products  being  removed  at  the  top  and  bottom.  The 
volumetric  transfer  rate  of  scrap  from  the  midplane  to  the  end  planes  is  given  by: 

Q  =  Ay  (/t  (•'^1 
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where 


A  ^  horizxintal  cross-sectional  area  of  separator. 

(  volume  fraction  of  separator  occu()ied  by  scrap, 
t  transit  time  of  scrap  in  the  ferrofluid  piKil  (hr  '), 
y  one-half  the  height  of  the  ferrofluid  pool. 
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FD  171429 

Figure  17.  Schematic  of  AVCO  Ferrofluid  Fool 


As  derived  in  Appendix  B,  the  transit  time  (t)  of  a  titanium  particle  in  a  ferrofluid  can  be 
expressed  by  the  following  equation: 


in  which, 


g  =  acceleration  of  gravity. 

^  apparent  density  of  the  ferrofluid  pool, 
fi,  =  density  of  the  solid  to  be  sorted. 

The  factor  1/,'16(X)  is  introduced  to  obtain  a  transit  time  in  hr  '  instead  of  sec  '  usually 
obtained  with  a  consistent  set  of  units. 
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The  product  Ay  is  equah  to  half  the  Working  Volume  (V)  of  the  ferrofluid  pool.  By 
transposing  terms  in  Equation  3,  the  following  explicit  expression  for  <  is  obtained  as  a  function 
of  process  conditions; 


The  degree  of  misclassification  is  plotted  as  a  function  of  t  for  various  process  runs  in 
Figure  18.  In  this  figure,  the  values  of  the  weight  percent  sinks  obtained  when  titanium  chips  were 
processed  a  second  time  through  the  ferrofluid  density  separator  are  plotted  against  the  product 
2QtA'  or  t. 

The  value  of  t  was  calculated  from  Equation  3,  using  the  experimental  values  of  y=  10  cm, 
and  /)„t.  The  value  of  V  was  taken  as  the  working  volume  of  the  present  separator  which  is 
equal  to  8000  cm“,  or  0.296  ft’.  The  volumetric  feed  rate  used  to  obtain  the  value  of  t  presented 
in  Figure  18  is  based  on  the  bulk  volume  of  the  titanium  chips  being  fed  to  the  system.  The  bulk 
density,  rather  than  the  true  density  of  titanium,  was  used  to  lake  into  account  the  structure  of 
the  chips  and  obtain  a  better  estimate  of  the  hydrodynamic  interaction  volume  of  a  chip  in  a 
ferrofluid  pool.  The  plot  is  limited  to  second  run  data  in  order  to  minimize  the  effect  of  the 
presence  of  foreign  solids.  It  is  assumed  that  most  of  the  dense  contaminants  in  the  titanium  in 
each  case  will  have  been  removed  in  the  first  pass  through  the  ferrofluid  separator. 

As  noted  in  Figure  18,  there  appears  to  be  little  effect  of  chip  concentrations  on  sorting 
accuracy  for  calculated  values  of  (<0.02.  For  higher  values  of  t.  the  weight  percent  sinks  ri.ses 
quickly  and  reaches  dramatic  values  for  values  of  <-0.03.  All  of  the  various  lots  of  processed 
titanium  exhibited  the  same  behavior  even  though  the  bulk  density  varied  more  than  twofold. 

These  results  indicate  that  at  the.se  higher  values  of  <.  there  is  significant  particle 
interaction.  It  is  to  be  noted  that  a  value  of  <  =  0.027  corresponds  to  an  average  particle  separation 
of  two  particle  diameters.  At  these  values,  it  is  believed  that  particles  are  entering  the  separator 
at  a  faster  rate  than  they  would  leave  if  they  floated  or  sank  of  their  own  accord. 

A  design  criterion  for  a  ferrotluid  separator  is  obtained  from  Figure  18.  The  value  of  <  should 
be  significantly  lower  than  0.03, 

Based  on  the  data,  it  appears  reasonable  to  use  a  value  of  < O.Ol.'l.which  is  half  the  critical 
value  found  experimentally.  By  using  this  value  of  <  in  Fa).  .S.  and  using  Eq.  4  to  calculate  transit 
time  (t).  it  is  possible  to  establish  the  maximum  volumetric  feed  rate  to  the  separator  as  a 
function  of  o()erating  density.  This  volumetric  feed  rate  can  then  be  transformed  into  a  mass  feed 
rate  by  multiplying  by  the  bulk  density  of  scrap  being  processed.  These  data  are  presented  in 
Table  12  for  the  four  lots  of  scra|)  processed  at  apparent  densities  that  range  from  4.7  to 
.7.3  gm/cm'.  According  to  this  table,  it  should  be  possible  to  process  scrap  at  a  volumetric  feed 
rate  of  14  to  23  ftVhr  depending  on  the  operating  density,  and  in  terms  of  mass  values,  from  220 
to  8,30  Ib/hr,  depending  on  the  bulk  density  of  the  .scrap. 
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TABLE  12 

DESIGN  CAPACITY  OF  FERROFLUID  SEPARATOR  FOR 
TITANIUM  CHIPS 


Operating  Density.  gin/em' 

Residence  Time(t)  of 'ritaniinn 
('hip  4.4  gm/cm’) 

4.7 

3.0 

3.  ,3 

at  /),i.  secs 

0.41 

0.33 

Design  Hulk  Feed  liate  of  Scrap 

at  p.,,  and  «  ■  (>.()ir> 

ftVhr 

u.:t 

22.8 

Equivalent  Mass  Feed  Kates,  tb/hr 

Ixit  01  and  O.'i  23.2  Ib/ft ') 

330 

430 

3:m) 

l-ot  at  i.'>.6  tt)/fto 

220 

31K) 

300 

l-iil  U''’'  i/iM,  ib/fi’) 

320 

VKl 

830 

(c)  Raft  in  fi 

A  small  number  of  very  fine  inclusions  will  inevitably  be  present  because  of  what  can  best 
be  cplled  rafting.  A  dense  inclusion,  w'hich  normally  would  sink  if  left  to  its  own  devices,  may  be 
prevented  from  doing  so  if  it  collides  with  a  rising  titanium  chip.  If  the  average  density  of  the 
inclusion  and  the  chip  is  greater  than  the  density  of  the  ierronuid.  the  inclusion  will  sink  and 
carry  the  chip  with  it.  If  the  average  density  of  the  chip  and  the  inclusion  is  less  than  the  density 
of  the  ferrofiuid.  the  inclusion  will  be  forced  up  into  the  floats,  e.g.,  it  will  be  rafted.  The  following 
expression  establishes  the  conditions  for  rafting; 


. .  ,  ,,  paf  -  /)ti 

■'  'll  ^  7 

pat  -  paf 

where 

\’i  volume  of  the  inclusion, 

V'li  -  volume  uf  the  titanium  chip, 
paf  ■-  apparent  density  of  the  ferrofiuid, 
pai  ^  apparent  density  of  the  inclusion, 
pti  -  density  of  the  titanium  chip. 
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The  maximum  size  inclusion  that  can  reasonably  be  expected  to  be  rafted  can  be  calculated 
by  knowing  the  relevant  densities  and  the  maximum  volume  of  the  chips  being  processed.  In  the 
case  of  Lot  01.  ten  chips  chosen  at  random  were  weighed  on  an  analytical  balance.  The.se  ranged 
in  weight  from  0.015  to  0.1.5.'ll  gm  with  an  average  of  0.0556  gm.  The  volume  of  these  chips  is 
obtained  by  dividing  by  the  density  of  the  titanium  alloy  (p,,  ^  4.40  gm/cm’h  In  this  case,  the 
Volume  of  the  largest  chip  is  0.005  cm’.  By  substituting  these  numerical  values  for  the  volume  and 
density  of  the  titanium  chips  into  Equation  6,  it  is  possible  to  plot  (Figure  19)  the  volume  of  the 
largest  inclusion  that  one  would  expect  to  find  in  the  floats  as  a  function  of  the  apparent  density 
of  the  ferrofiuid  and  the  apparent  density  of  the  dense  inclusion.  The  diameters  corresponding  to 
equivalent  spherical  volumes  are  al.so  pre.sented  in  Figure  19.  As  can  be  seen  in  this  figure,  the 
maximum  volume  misclassified  is  significantly  decreased  hy  operating  at  a  density  close  to  the 
density  of  the  scrap. 

A  tungsten  carbide  tool  bit  i.s  a  composite  consisting  of  tungsten  carbide  particles  cemented 
in  a  cobalt  matrix.  Because  cobalt  is  highly  magnetic,  a  tungsten  carbide  tool  bit  fragment  will 
have  an  apparent  density  in  a  ferrofiuid  separator  that  will  be  much  higher  than  its  true  density. 
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Diameter  of  Equivalent  Sphere  -  mils 


The  true  density  of  tungsten  carbide  tool  bit  was  found  to  be  15.0  gm/cm®.  Since  the  density  of 
the  tungsten  carbide  is  15.7  gm/cm’,  and  the  density  of  cobalt  is  8.9  gm/cm’,  this  tool  bit  contains 
about  10.3‘'(  cobalt  by  volume.  The  apparent  density  of  this  object  in  a  ferrofluid  separator  can 
be  expressed  by  the  following  equation; 


pai  =  pi 


,  (Mo,  (V,:,.)  -  M,) 

4irg 


(7) 


where 

p»i  =  apparent  density  of  inclusion  (tool  bit),  gm/cm’ 
p  =  true  density  of  tool  bit,  gm/cm’ 

M<,„  =  Magnetization  of  cobalt,  gauss 
M,  =  Magnetization  of  ferrofluid.  gauss 
g  =  acceleration  of  gravity 
Vi-,,  =  volume  fraction  cobalt  in  tool  bit 
r  =  magnetic  field  gradient  in  separator. 

In  the  experimental  tests,  a  ferrofluid  with  a  magnetization  of  290  gauss  was  used.  The 
magnetic  field  gradient  was  175  oe/cm.  The  separator  was  operating  at  a  density  of  4.7  gm/cm^ 
The  magnetization  of  cobalt  is  24,000  gauss.  By  substituting  these  various  numerical  values  in  the 
above  equation,  the  apparent  density  of  a  tungsten  carbide  tool  hit  is  calculated  to  be  about 
47  gm/cm’.  The  apparent  density  of  this  object  would  be  slightly  higher  at  higher  operating 
densities  because  of  the  higher  applied  gradient.  From  the  above,  the  largest  tungsten  carbide 
t(K)l  bit  fragment  that  would  be  rafted  could  be  expected  to  decrease  from  7.0  X  10  ‘  cm’  (D,  =  43 
mils)  when  the  ferrofluid  separator  was  operated  at  an  operating  density  of  5.3  gm/cm-',  to 
2.2  X  10  *  cm'  (D,  =  29  mils)  when  the  ferrofluid  separator  was  operated  at  a  density  of 
4.7  gm/cm’. 

(3)  Conclusions  (Test  Series  A-D) 

The  principal  conclusion  drawn  from  Test  Series  A-D  is  that  it  should  be  possible  to  obtain 
quantitative  removal  of  macroscopic  inclusions  that  are  significantly  denser  than  titanium.  In 
particular,  it  should  be  possible  to  eliminate  all  tungsten  carbide  inclusions  larger  than  30  mils 
in  diameter,  as  well  as  stainless  steel  and  superalloy  chips.  The  ferrofluid  process  will  not  be  able 
to  remove  inclusions  that  have  an  apparent  density  similar  to  that  of  the  titanium  alloy  being 
proces.sed.  A  specific  example  are  dense  metal  fragments  that  contain  closed  voids. 

In  order  to  obtain  a  minimum  amount  of  misclassification  in  the  ferrofluid  separator,  it  is 
necessary  to  operate  the  separator  so  that  there  is  a  minimum  difference  between  the  densities  of 
the  ferrofluid  (^i,,,)  and  of  the  titanium  alloy  being  processed.  Furthermore,  the  concentration  of 
chips.  (.  in  the  separator  should  be  small  enough  so  that  particle  interaction  is  minimized.  The 
operation  of  the  system  can  he  defined  in  terms  of  the  parameters  invesigated  in  this  study.  For 
Ti-(iAl-4V  alloy  chips  (/i  '4.43  gm/cm").  operating  the  separator  at  an  apparent  density  of 
4.7  gm/cm'  and  a  maximum  hulk  volumetric  feed  rate  of  14.3  ftVhr.  which  results  in  a  value 
of  (  01.5.  a  ((uality  product  should  be  obtained  in  a  single  pass  through  the  separator. 

However,  in  the  Test  Series  A-D.  none  of  the  titanium  scrap  was  processed  at  chip 
concentration  of  <  ■  0.015  and  at  an  operating  density  of  4.7  gm/cm’.  The  runs  for  which  <  0.015 
were  carried  out  at  higher  operating  densities,  and  the  feed  rate  for  all  the  runs  carried  out  at  an 
operating  density  of  4.7  gm/cnv'  was  higher  than  14.3  ft'/hr.  so  that  <  ^0.15.  In  order  to  obtain 
operat  ing  data  and  samples  of  purified  material  under  optimum  processing  conditions,  additional 
runs  were  made. 
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(4)  Supplemental  Test  Runs 


Five  supplementary  runs  were  carried  out  with  five  different  lots  of  titanium  alloy  turnings. 
Three  runs  were  carried  out  utilizing  material  previously  run  (a  remix  of  floats  and  sinks)  from 
the  three  .screened  lots  of  Ti-RA1-4V  of  different  bulk  densities  used  in  the  Test  Series  A-D.  The 
remaining  two  runs  (100  Ih  nominal)  were  performed  with  chips  of  two  other  titanium  alloys  to 
demonstrate  the  general  compatibility  of  the  separation  process.  One  run  was  carried  out  with 
Ti-6Al-2Sn-4Zr-2Mo  turnings  obtained  from  Frankel  Co.  This  lot  (07)  had  a  bulk  density  of 
25.3  tb/ff.  The  other  run  was  carried  out  with  Ti-5Al-2.5Sn  chips.  The  bulk  density  of  this 
material  (A\TO  Lot  No.  08)  was  found  to  be  21.0  Ib/ft^.  The  5-2.5  material  was  substituted  for 
the  originally  planned  Ti-8Al-lMo-l  V  because  of  availability. 

In  Test  Series  A-D,  the  scrap  was  fed  directly  to  the  ferroOuid  separator  to  eliminate  the 
effects  of  other  simple  processing  steps  that  would  remove  some  of  the  contaminants.  For  these 
five  supplementary  tests,  the  scrap  was  processed  under  conditions  that  AVCO  would  use  in  a 
production  operation.  The  contaminated  scrap  mixture  was  pa.ssed  over  a  reciprocating  .screen, 
the  oversize  material  discharged  to  a  dry  magnetic  separator,  and  the  undersize  discarded. 
Initially,  a  5-mesh  reciprocating  screen  was  u.sed.  After  it  was  observed  that  significant  fraction 
of  the  chips  passed  through  the  screen  re.sulting  in  a  significant  loss  of  material  in  the  process,  this 
scTcen  was  replaced  with  a  lO-mesh  screen  which  retained  mo.st  of  the  chips.  A  5-mesh  screen  was 
used  for  Runs  56  through  58,  and  a  10-mesh  screen  was  used  for  Runs  59  and  60. 

The  oversize  material  from  the  screen  then  passed  over  a  magnetic  pulley  separator,  which 
removed  a  significant  fraction  of  strongly  magnetic  material  from  the  charge  stream.  This  dry 
separator  prevented  large  pieces  of  very  strongly  magnetic  material  from  entering  the  ferrofluid 
separator  and  interfering  with  its  operation  (removal  of  sinks).  This  preproce.ssing  removes  some, 
hut  far  from  all  of  the  tungsten  carbide  tool  bits  present  in  the  chips.  The  nonmagnetic  stream 
from  the  separator  was  transported  on  a  conveyor  to  the  feed  hopper  for  the  ferrofluid  density 
separator.  The  scrap  was  then  processed  through  the  separator  under  conditions  so  that  the 
apparent  difference  in  density  between  ferrofluid  and  the  titanium  alloy  being  processed  was 
'0.3  gm/cm'  and  that  <<0.15.  For  Run  57  in  which  /),,^4.46  gm/cm^  and  Runs  ,58-60.  in  which 
p,)"4.43  gm/cm^  the  operating  density  was  4. 7-4. 8  gm/cmL  For  Run  .56  in  which  /iu~ 
4.54  gm/cm\  the  operating  density  was  4. 8-4. 9  gm/cm’.  In  these  runs,  the  values  of  <  ranged  from 
0.010  to  0.013. 

In  the  supplementary  test  .series,  new  degrea.sing  baskets  were  used  to  receive  the  scrap. 
These  baskets,  which  were  lined  with  30-mcsh  stainless  screening,  were  much  easier  to  clean  and 
maintain  than  the  baskets  used  in  the  previous  runs.  The  coarser  screen  should  not  retain  small 
tungsten  carbide  fragments  as  might  have  occurred  before.  With  these  baskets,  recontamination 
of  processed  material  should  be  minimal.  As  before,  individual  baskets  containing  separated 
scrap  were  processed  in  the  hatch  degreaser  to  remove  ferrofluid  adhering  to  the  scrap.  The 
processed  chips  were  then  air  dried  and  put  in  plastic-lined  55-gal  drums. 

(5)  Results  of  Supplemental  Tests 

The  material  balances  for  each  of  the  five  supplemental  test  runs  are  presented  in 
Table  13.  The  material  balances  for  each  of  the  runs  in  the  demonstration  test  indicate  the 
effectiveness  of  the  ferrofluid  density  separation  system  to  purify  titanium  alloy  scrap.  As  shown 
in  Table  13,  the  weight  percent  sinks  observed  experimentally  correlated  well  with  the 
concentration  of  dense  contaminants  originally  added  to  the  feed. 

These  results  show  (hat  only  a  few  percent  of  the  titanium  chips  are  misclassified;  the 
majority  of  the  titanium  chips  are  recovered  in  the  floats.  The  results  were  subjected  to  selective 
chemical  analyses  of  the  sinks  fractions  by  F&WA.  and  radiographic  inspection  by  AVCO. 
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TABLE  13 

AVCO  SEPARATION  TEST  DATA  SUMMARY  —  SUPPLEMENTAL  RUNS  WITH 

TITANIUM  ALLOY  CHIPS 


Hun  .Vo 

5b 

57 

58 

50 

6i) 

Lot 

07 

08 

fi4 

or. 

01 

Alluv  'I'vpe 

Ti-HAl-2Sn-4Zr-2Mo 

I'i  4AI-J..'i  Sn 

'ri-(;Ai-4V 

Ti-HAI  IV 

Ti  8A1-4V 

Opnsjtv. 

4.M 

4  ■«; 

4. -15 

4,48 

4.45 

Hulk  Density,  tb/ft ' 

■J1  0 

1.7.8 

50,5 

25.2 

Weight  (’ontaminants 

•Added  at  .Avco.  We  Before  Screening 

4.5 

4.9 

4.5* 

■i.r 

8.0- 

Feed  Riiir  .Scrap,  tb/hr 

:n5.o 

587.0 

21,7.0 

455.0 

24.7.9 

Hulk  Feed  liate  Sera)),  ft^/hr 

10. (i 

15.7 

15.7 

12.5 

19. (i 

Operating  Pressure  Separator  in  H/) 

:ta  t(i  :i9 

:i7  to  :iH 

87  Id  :18 

57  to  58 

58.0 

Operating  Density  FF  gm/em‘ 

4.«  Id  4.9 

4.7  t<i  4.8 

4.7  tti  4.8 

4.7  to  4.8 

4.7  to  4.8 

1)..,  iij 

o.;t 

0.5 

0.5 

0,5 

0.5 

0.011 

0.01‘J 

0.015 

0,012 

0.010 

Weight  Scrap  to  System  lb 

Weight  Removed  bv  Screening  and 

118.9 

igi.i 

88.0 

105.0 

98.2 

Ordinary  Mag  Sepn.  tb 

;i5.o** 

48.5** 

21.9*- 

5.0*'' 

2.7”* 

Weight  to  Separator,  tb 

85. (t 

72.0 

07.0 

105.0 

95,5 

Weight  Floats,  tb 

TH.tt 

88.2 

(i5,(> 

Of). 5 

89.0 

Weight  Sinks,  tb 

■1.5 

l.tt 

2.5 

7.0 

8.0 

Weight  ’  ^  Sinks,  Ws 

5.4 

5.5 

5.5 

0.0 

9.1 

(Ws  .  VWr, 

*F,stiinated  from  remix  prop<’rtions 
mesh  screen 
•**  10  mesh  screen 

0.0 

0.0 

(  I.Ol 

2.8 

0.5 

(6)  Separation  Test  Radiographic  Program 

After  AVTO  completed  (he  X-ray  calibration  work,  .sample  quantities  t  -  10  Ibl  of  Lots  01. 
03.  04  and  0.5  were  passed  through  the  Ferrofluid  Scrap  Separator  at  an  operating  pressure  of  45 
in.,  which  corresponds  to  a  density  of  5.5  gr/cm^  The  floats  were  cleaned  and  then  used  to 
establish  X-ray  inspection  conditions  for  tungsten  carbide  impurities.  Tungsten  carbide 
fragments  of  different  sizes  (-^5  mesh.  -5/4  10  mesh.  -  10/4  18  mesh.  18/430.  -  .30/4 ,50  mesh. 

■50  mesh/  +  80  mesh,  -10/4-18  mesh,  -30/4  .50  mesh.  -.50  mesh/ 4  80  and  -80  mesh)  were 
attached  to  two  3-  by  5-in.  cardboard  cards.  These  cards  formed  reference  samples  for  the  X-ray 
tests.  In  tests,  the  first  card  was  placed  on  a  Incite  tray  and  covered  with  a  known  amount  of 
titanium  scrap.  The  second  card  was  then  placed  on  top  of  the  scrap  layer.  The  sample  was  then 
X-rayed  with  a  Faxitron  Radiographic  Inspection  System.  For  the  different  types  of  scrap,  the 
parameters  investigated  were  the  weight  of  scrap,  beam  voltage,  exposure  time  and  type  of  film. 
The  horizontal  dimensions  of  the  sample  were  kept  constant  to  11-  by  14-in.,  the  size  of  the  largest 
standard  format  X-ray  film. 

fhe  best  conditions  developed  for  each  case  are  listed  in  Table  14.  Under  these  conditions, 
all  the  tungsten  carbide  pieces  on  the  reference  cards  were  visible.  Increasing  the  height  of  the 
scrap  on  the  tray  tended  to  decrease  the  detection  sensitivity.  The  maximum  amount  of  scrap  for 
the  various  lots  corresponded  to  a  height  of  about  one  inch.  The  inclusions  were  more  readilv 
detected  with  Kodak-Type  AA  film  than  with  Type  M  film.  So-called  “Lead-Pack  Film"  resulted 
in  marginally  sharper  negatives  than  AA-type  film.  This  marginal  advantage  was  not  enough  to 
warrant  use  of  the  I>ead-Pack  Film  which  is  .50'’f  more  expensive  than  AA  film. 
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TABLE  14 

X-RAY  TEST  CONDITIONS  FOR  DETECTION  OF  TUNGSTEN 
CARBIDE  INCLUSIONS  IN  TITANIUM  TURNINGS  -  AVCO 


Lot  No. 

Hulk  Density 
of  Scrap 

Weif^ht  of  Scrap 
on  //X  l4-in.  Tray 
(^m)  (!h) 

Beam  Voltage 
(KV) 

Exposure  Time 
(Sec) 

Film 

Type 

01 

20  to  22 

040 

1.41 

110 

30' 

AA 

02 

20  to  22  with  fines 

880 

1.94 

no 

66-- 

AA 

OJ 

10  to  12 

480 

1.06 

100 

30 

AA 

0.5 

30  to  33 

1120 

2.40 

no 

78 

AA 

The  AVCO  Corporation  completed  radiographic  analyses  of  sample  “float”  and  “sink” 
byproducts  from  previous  ferrofluid  titanium  separation  tests.  The  X-ray  films  were  used  to 
define  contaminants  in  the  separated  fractions,  particularly  tungsten  carbide  (WC).  On  the  basis 
of  the  radiographic  inspection,  float  and  sink  samples  from  six  different  test  runs  were  selected 
for  further  (final)  analysis. 

Float  samples  were  forwarded  to  Teledyne  Wah  Chang  to  be  melted  into  six  100  lb  (approx.) 
ingots,  and  then  converted  to  plate  for  evaluation  (X-ray,  chemistry,  microstructure,  mechanical 
properties).  Sink  samples  were  forwarded  to  P&WA  for  button  melting  and  chemical  analysis. 
The  degree  of  successful  scrap  separation  of  other  than  WC  contaminants  attained  with  the 
ferrofluid  system  was  determined  primarily  by  chemical  analysis. 

(a)  Radiograph  Inspection  Procedure 

Tungsten  carbide  tool  bit  fragments,  because  of  their  relatively  high  density  and 
characteristic  shape,  are  readily  identified  by  X-ray.  AVCO  calibration  runs  with  X-ray 
equipment  proved  that  WC  fragments  as  small  as  O.OO.'i-in.  square  could  be  identified  in  an  11- 
by  14-  by  1-in.  sample  of  loose  chips.  For  these  reasons,  plus  the  knowledge  that  successful 
-separation  of  a  tool  bit  fragment  correlates  with  .separation  of  other  contaminants,  AVCO  used  X- 
ray  inspections  to  identify  the  most  successful  (clean)  ferrofluid  separation  runs. 

In  preparation  for  the  radiographic  survey,  samples  of  floats  and  sinks  had  been  obtained 
from  all  the  AVCO  ferrofluid  runs.  The  volume  of  floats  from  any  given  run  was  such  that  5,o-gal 
drums  were  required  for  their  storage,  whereas  the  sinks  could  be  contained  in  /i-gal  pails.  Float 
samples  were  obtained  by  removing  a  quantity  from  each  basket  of  floats  leaving  the  degreaser. 
The  .sample  quantity  was  at  least  lO'V  of  the  total  floats  from  each  run.  In  addition,  any  material 
brushed  out  of  the  float  basket  at  the  end  of  a  cycle  run  was  added  to  the  X-ray  sample.  Since 
only  fine  contaminants  would  tend  to  cling  to  the  basket,  it  is  suspected  that  this  addition  of  fines 
tended  to  give  the  X-ray  sample  a  somewhat  higher-than-representative  contaminant  level. 

Each  X-ray  sample  was  stored  in  a  polyethylene  bag.  and  the  bags  in  turn  stored  in  covered 
five-gallon  pails  to  minimize  the  possibility  of  post -processing  contamination.  Prior  to  X-ray,  the 
.samples  were  transferred  from  the  bags  into  two  different  sets  of  Incite  trays,  one  set  for  sinks,  the 
other  set  for  floats.  Each  tray.  1 1  in.  wide,  14  in.  long  and  1  in.  deep,  was  appropriately  labeled. 
For  baseline  reference,  various  size  WC  chips  were  glued  to  a  card  and  the  card  placed  on  top  of 
the  sample  chips  prior  to  X-ray  (Figure  20). 

Subsequent  to  X-ray,  the  11-  by  14-in.  radiographs  (X-ray  negatives)  were  examined  with 
a  magnifier  for  inclusions.  Suspected  indications  were  marked  on  the  negative,  and  after 
identification,  measured  for  size;  however,  if  less  than  10  inclusions  were  observed  on  a 
radiograph,  the  size  of  each  inclusion  was  recorded,  and  if  more  than  10  inclusions  were  observed, 
the  range  of  sizes  only  was  recorded.  Selected  inclusions  were  remo\ed  front  the  chips  in  the  tra>- 
for  subsequent  analysis.  The  loaded  trays  were  saved  until  examination  of  the  radiographs  was 
completed.  The  contents  were  then  returned  to  an  appropriate  fliiat  or  sink  container, 
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U.S.  Standard 
Sieve 

Series 

Sieve 

Opening 

Wire 

Diameter 

No.  5 

0.157 

0.0539 

No.  10 

0.787 

0.0354 

No.  18 

0.0394 

0.0223 

No.  30 

0.0234 

0.0154 

No.  50 

0.0117 

0.0085 

No.  80 

0.0070 

0.0052 

No.  10 


s 


No.  18 


No.  30 


Fifiurc  211  AVCd  Tunfitilen  Carbidv  l‘artivlc  Sampir  Card 


(b)  Radiographic  Iru'ipcctiori  Results  and  Analyxcs 

As  noted  previously.  AVCO  split  their  I'errofluid  systems  tests  (titanium  separation)  into 
two  parts:  Series  A-D  to  establish  basic  parameters,  and  Supplementary  Tests  to  establish  the 
validity  of  those  parameters  for  production  operation.  Inspection  results  and  analysis  for  each  test 
series  are  documented  in  the  following  paragraphs. 

(c)  Test  Series  A-D  X-ray  Results 

X-ray  inspection  results  of  Te.st  Series  A-D  floats  are  presented  in  Table  lo.  The  high  level 
of  contaminants  in  the  A-D  sinks  preclufied  an  inclusion  count. 

Radiographs  of  sinks  from  "blank"  runs.  i.e..  no  contaminants  added,  established  that  all 
lots  of  as-received  scrap  contained  W  C  plus  other  contaminants.  Radiographs  also  confirmed  the 
capability  of  the  ferrofluid  system  to  concerirate  these  camtaminants  in  the  sinks,  h'or  example. 
Figure  21  shows  a  sample  of  as-received  Lot  01  scrai)  material  with  only  two  inclusions  'dentified 
as  \\(\  while  Figure  22  shows  a  sample  of  the  sinks  of  Lot  01  "blank"  run  material  with  several 
we  inclusions  evident.  The  two  large  inclusions  shown  in  Figure  22  were  removed,  measured  for 
densitv  and  photographed  (F’igure  22).  The  smtillc-  piece  with  two  holes  had  a  densit'.  of 
J^.O.'l  gm  'em '  and  t herefore  may  be  a  tit.-mium  allov.  In  general.  1  .oi  01  m.'iterial  did  tmi  appear  to 
contain  ma:iv  chips  of  foreign  materials. 

.-\  r;>di<igraph  of  i  he  sinks  of  Hun  2f)  is  presented  in  Figure  2-1.  This  blank  run  uas  carried  out 
with  asrecei\od  high -hulk -density  titanium  alloy  chips  (Lot  O-’u ,  In  add  it  ion  to  tu’igstcn  carbide, 
this  lot  contained  chaps  of  somewhat  greater  opacpieness  than  tittmium,  and  m;m\  sheet 
trimmings,  probablv  from  a  punch  press  operation.  th;u  were  detiniteU  more  opacpie  than  the 
titanium  chips,  atid  were  probably  superalloy. 

The  low  hulk  density  titanium  chips  (Lot  0-1)  were  badly  contaminated,  .■\  radiograph  of  the 
sinks  ot  Run  11  is  presented  as  Figure  25.  In  addition  to  tungsten  carbide,  this  lot  contained  not 
onK  a  significant  (|iiantit  v  of  foreign  chips  hut  also  numerous  other  inclusions,  as  shou  n  in  Figure 
2b,  including  sizable  fragments  of  stainless  steel  and  brass.  A  large  number  ot  dense  rounded 
inclusions  which  did  not  have  the  sharp  angular  facets  of  tungsten  carbide  were  also  obsersed. 
These  iiieccs  are  fairly  soft,  suggesting  a  lead-containing  alloy 

The  |irese:ice  iri  these  inclusions  ap|)eared  consistent  with  the  chemical  anaKsis  procided 
with  tile  as  received  chips  (  Fable  41.  vvhich  indicated  that  all  the  chi|)  lots  had  some  degree  of 
contamination.  In  iiarticiilar.  Lot  04  was  found  to  have  the  highest  iron  and  lead  content  of  the 

as  received  lots, 

1  he  most  extensive  data  was  obtained  with  tnt'diutn  bulk  densit v  titanium  allov  chi|)s 
coiniirising  Lot  01.  which  was  screened,  and  I.ot  02.  which  was  not  screened,  Fhe  contatninated 
Iced  mixtures  of  Lot  01  contained  0.27  weight -percent  of  lieliberatelv  added  tungsten  carbide 
chi|)s.  that  ranged  from  ■  f>  to  HO  niesh  in  size,  in  afidition  to  anv  natiirallv  occurring 
contaminants,  I  he  exiiected  concentration  of  seeded  fragments  ot  various  sj/es  are  presented  in 
Table  Di.  Haserl  on  this  table,  an  X-rav  sample  trav  containing  1.4  lb  o|  contaminated  feed 
mixture  should  therefore  contain  over  400  detectable  (0.005  in  dial  inclusions:  Figure  27  is  a 
radiograph  ot  a  tvimal  sample  of  this  contaminated  feed  mixture. 
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TABLE  15 

AVCO  EXPERIN'ENTAL  DENSITY  SEPARATION  RADIOGRAPHIC  TEST  DATA  TITANIUM  SERIES  A-D. 


TABLK  15 

AVCO  EXPERIMENTAL  DENSITY  SEPARATION  RADIOGRAPHIC  TEST  DATA  TITANIUM 

SERIES  A-D  (CONTINUED) 


Blank 
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l''!L:urr  Ji  I'hiilii  Hcdui  liiin  Df  II  '  l  l-m  A\'('()  lUidhi^raph  iif  of  Run  29. 

I.nl  lU 
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Figure  25.  Photo  Reduction  of  tl  x  14-in.  AVCO  Radiograph  of  Sinka  of  Run  4t . 
Lot  (It 
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TABLE  16 

TUNGSTEN  CARBIDE  CONTAMINATION  ADDED  TO 
SCREENED  MEDIUM  BULK  DENSITY  TITANIUM  ALLOY 
CHIPS  (LOT  01)  AVCO  TEST  SERIES  A 


Sue  of  I'unfisten 

Carbide  Fragments 

Expected  Number  of  Tungsten 

Carbide  Fragments  Ter  Found 
t)!  Titanium  Alb)\  Chips 

1  '.s'  Mrxh 

Mils 

In  Size  Range 

Cumulatiee  Number 

•  T) 

'•us 

1 

1 

D  to  MO 

l.=i8  to  •  78 

1 

2 

111  to  t  18 

79  to  +  ;t9 

4 

18  to  • :«) 

;19  to  *29 

12 

18 

:UMo  tr>() 

2A  to  +  12 

■18 

TiO  to  •  HO 

12  to  f 7 

2;to 

202 

80 

7 

■1202 

In  all  cases,  the  processing  of  contaminated  titanium  alloy  scrap  from  either  Lot  01  or  Lot 
Oil  through  a  ferroHuid  sink-float  separator  resulted  in  a  decrease  in  the  concenlration  of 
detectable  contaminants.  Typically,  an  initial  concentration  in  excess  of  H(M)  inclusions/tb  of 
titanium  decreased  to  values  which  ranged  from  O.r)  to  b.8  inclusions/tb  titanium  for  Series  A.  Lot 
01,  and  from  1.5  to  9.5  inclusions/tb  titanium  for  Series  B.  Lot  OH.  This  represents  a  reduction  in 
contaminant  level  from  ItO-fold  to  600-fold.  In  comparison,  the  contamination  level  ('f  the  floats 
from  blank  runs  ranged  from  0.4  to  2.H  inclusions/tb  titanium.  There  were  a  number  of  Lot  01 
Runs  (4,  5,  111,  6,  14,  7,  15,  9  and  17)  in  which  the  l.irgesl  U'(’  im  iusion  found  had  a  diameter  of 
0.0110  in.  or  less.  Other  runs  in  this  series  contained  one  or  more  \V('  inclusions  larger  than 
O.OllO-in.  diameter.  All  the  runs  processed  with  Lot  Oil  as  a  teed  material  contained  one  or  more 
larger  WT  inclusions.  The  itest  results  were  obtained  with  Hun  9  (Lot  01,  /laf  4.7  gm/cm\  feed 
rate  -  4119  tb/hr,  (  =0.020)  in  which  eight  inclusions,  all  smaller  than  i), 025-in.  dia,  were  found  in 
15.4  tb  X-ray  sample. 

The  highest  level  of  contaminants  and  the  largest  contamimuits  were  found  iti  the  tloats  of 
Runs  10.  54  and  55  for  which  <  -O.llll.  It  was  previously  reported  that  these  runs  had  an  unusually 
large  amount  o(  titanium  in  the  sinks.  In  general,  it  is  obserted  that  the  degree  of 
misclassification  increases  as  the  diflerence  in  density  between  the  ferronuid  and  the  sera]) 
increases  and  also  as  the  feed  rate  to  the  sepanttor  increases.  When  the  degree  of  misclassification 
is  fairly  high,  after  an  initial  pa.ss  through  the  .seitanttor,  a  second  pass  will  result  in  further 
removal  of  detise  contaminants.  When  the  degree  of  removiil  .liter  .m  initial  pass  is  high,  a  second 
pass  through  the  system  does  not  bring  alimit  a  signilicant  further  imiirovement. 

These  results  indicate  that  the  bulk  of  the  dense  contamin.'ints  are  removed  by  the  ferrofluid 
density  separation  [irocess  under  a  wide  variety  of  operating  cotiditions.  This  was  the  case  even 
when  the  ferrofluid  separator  was  operated  under  conditions  where  there  was  significant 
misclassification  of  titanium  scrap.  This  is  consistent  with  the  fact  that  the  density  difference 
between  the  contatninants  and  the  ferrotluid  was  much  greater  than  the  density  difference 
between  the  ferrotluid  and  the  titanium  chips.  Optimutn  contamimint  removal  cannot  be 
expected,  however,  under  conditions  whii'h  result  in  ii  high  misclassification  of  the  titanium 
chips.  Process  conditions  which  result  in  high  miscla.ssificat ion  ;ire  characterized  by  a  high  value 
for  (.  The  ver\  poor  results  obtained  with  Lot  01  Runs  10.  54  and  55  (i  OOHO)  and  with  Lot  OH 
Runs  19  to  28  support  this  conclusion.  <  values  c.ilculated  lor  Runs  19  to  28  (O.OIH  to  O.OHO) 
.'issumed  that  the  residence  lime  o*'  the  chips  in  the  .sejiiiralor  was  controlled  by  inertia.  Because 
of  the  iiresence  of  a  roughly  10'.  fines  which  would  haw  large  ri'sidence  times,  the  actual  value 
of  I  is  probably  higher  than  calculated.  The  Boats  lor  runs  with  Lot  OH  teed  were  in  general  more 
conl.'immated  than  those  carried  out  with  Lot  01  feeil  material. 
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The  presence  of  a  few  large  WC  fragments  in  the  floats  of  runs  which  approach  optimum 
conditions  might  have  been  due  to  recontamination  of  processed  material  leaving  the  separator. 
The  degreasing  baskets  used  to  contain  the  titanium  chips  in  the  ferrofluid  removal  step  were 
lined  with  a  50-mesh  steel  screen.  Although  the  baskets  were  brushed  carefully  after  processing 
each  run,  the  possibility  exists  that  a  few  WC  pieces  could  be  carried  over  from  a  poor  run  to  a 
subsequent  run. 

The  results  obtained  with  the  high-bulk-density  Lot  05  titanium  chips  (Table  15)  were 
qualitatively  similar  to  those  obtained  with  Lot  01;  however,  the  X-ray  samples  of  floats  generally 
contain  more  inclusions  than  did  the  samples  from  Lot  01.  Most  of  these  inclusions  were  less  than 
0.030-in.  dia.  On  the  total  sample  basis,  the  concentration  of  inclusions  found  ranged  from  1.6 
inclusions/tb  (Run  40)  to  10.6  inclusions/tb  (Run  35);  however,  a  large  majority  of  these  inclusions 
occurred  in  the  X-ray  tray  corresponding  to  the  bottom  of  the  sample  pails.  If  the  bottom  portion 
of  the  samples  is  discounted,  the  inclusion  concentration  is  decreased  by  an  order  of  magnitude. 

A  possible  explanation  for  these  results  is  that  this  lot  of  titanium  chips  contained  many 
WC  fragments  that  adhered  to  the  chips,  due  to  residual  cutting  oil,  and  the  chips  thus  behaved 
as  particles  of  intermediate  density  which  either  sank  or  floated  in  the  ferrofluid  separator 
depending  on  the  relative  sizes  of  the  chip  and  the  adhering  WC  pieces.  Exposure  to  ferrofluid 
followed  by  degreasing  of  the  chips  to  remove  ferrofluid  could  result  in  separation  of  the  titanium 
chip  from  the  tool  fragment.  The  agitation  in  the  handling  of  the  sample  container  could  then 
allow  the  fine  WC  fragments  to  move  down  through  the  chip  pile  to  the  bottom  of  the  container. 
The  very  fine  screen  lining  of  the  degreaser  baskets  would  result  in  retention  of  these  small 
fragments. 

Radiographs  of  the  floats  of  the  various  runs  carried  out  with  the  low-bulk  density  Lot  04 
titanium  alloy  chips,  exhibited  a  relatively  large  number  of  dense  inclusions.  A  number  of  these 
inclusions  however,  had  an  irregular,  somewhat  rounded  shape  rather  than  the  characteristic 
sharp  angular  appearance  of  WC.  These  inclusions  were  also  larger  in  size  than  previously 
identified  WC  fragments. 

A  typical  inclusion  physically  removed  from  the  floats  of  Run  42  shown  in  Figure  28, 
appeared  to  consist  of  a  multilayered  foil  with  a  binder  material,  The  density  of  one  of  these 
inclusions  was  determined  to  be  4.477  gm/cm’.  The  chemistry  of  typical  inclusions  was 
determined.  Similar,  but  higher,  density  inclusions  were  found  in  the  sinks.  For  example,  one 
inclusion  removed  from  the  sinks  of  Run  4  was  found  to  have  a  density  of  7.526  gm/cm^  The 
different  apparent  densities  of  these  inclusions  is  due  to  differences  in  their  porosity.  Since  the 
densities  were  measured  by  liquid  immersion,  the.se  measurements  reflect  closed  voids  that  are 
not  filled  with  liquid. 

The  above  inclusions  were  not  misclassified  by  the  ferrofluid  process.  The  objects  of  lower 
density  than  the  ferrofluid  floated,  while  the  denser  ones  sank.  Some  of  these  inclusions  have 
densities  that  do  not  differ  significantly  from  the  density  of  the  titanium  scrap  being  processed 
and  thus  are  not  readily  removed  by  the  ferrofluid  process. 

(d)  Supplemental  Test  .X-ray  Results 

As  noted  previouslv.  AVTC  derived  optimum  parameters  for  operation  of  the  ferrofluid 
.separation  proce.ss  during  test  series  A-D.  These  parameters,  i.e..  an  (  value  of  less  than  0.015, 
and  a  small  density  difference  between  the  ferrofluid  and  titanium,  were  used  during  the  five 
supplementary  tests  (.56  to  60).  The  chips  used  for  Runs  .58  to  60  were  Ti-6A1-4V  of  light,  heavy, 
and  medium  bulk  densities,  respectively;  chips  for  Run  56  were Ti-6Al-2Sn-4Zr-2Mo,  and  Run  57 
chips  were  Ti-5Al-2..5Sn  turnings.  In  view  of  Series  A-D  test  experience,  each  lot  was  subject  to 
.scrtening  of  fines  by  AV('0  after  the  addition  of  contaminants. 
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Kadiiitjraphic'  inspect ii>n  was  eoiidiieteii  im  floats  trom  the  supplementarv  test  runs  nlilizinf; 
a  procedure  identical  to  that  employed  on  the  A-I)  runs.  Hatiioftraphic  inspection  results  are 
found  in  Tahle  IT.  'ryi>ical  radioftraphs  of  the  flo;>t  products  for  eat  h  of  the  sui)pleinentar\  test 
rvins  are  preseitted  in  KisJures  '3  throu>;h 

Hadio^'raphic  ins|)ei-tion  of  the  lloats  indicated  a  hifth  dcftree  of  purity  in  the  lloats  with 
significantly  lower  inclusion  levels  than  the  lloat  satnides  obtained  Iroin  the  .A-I)  runs.  The 
largest  concentration  of  inclusions  (l.-Tt  inclusions  per  pound  o(  tilaniumt  was  f<iund  in  floats 
from  Kui'.  .TS  with  ho*  0-1  f«>ed  material.  Most  of  these  inclusions  did  not  apitear  to  be  tunp'sten 
carbide  i  hi|)s. 

For  the  other  sup|)lemenfary  lest  runs,  the  v-ottcenira(ion  of  inclusions  r.iiifted  front  D.OS  to 
D.-f.l  inclusions  fb  of  titittiium.  Assnmini;  tin  averatte  chip  weitfht  of  20  nif;,  this  ca'rresponds  to  a 
concentration  level  of  less  than  one  inclusion  per  10"  littinium  chips.  'I'he  lartjest  inclusion  thiit 
could  he  definitely  identified  as  heinft  tunpsten  carbide  from  fhe  radioftratihs  w;is  ;!()  tnils  in  ditt. 
Other  inclusions  which  were  i.trfter  than  :t0  mils  were  also  obser\ed.  hut  these  did  not  :tp])etir  to 
be  tunttsten  ctirbide.  Inclusions,  typical  ol  this  lariter  lyi>e.  were  iihysically  retnoved  and  found  to 
have  densities  lower  thtin  tungsten  carbide.  .An  inclusion  removed  from  the  flotits  of  Hun  -TS  is 
shown  in  Figure  h-l.  tind  an  inchtsion  removed  from  the  llotits  ot  Hun  .TO  is  shown  in  Figure  TT.  .A 
(xirous  sliig-like  ;tp|)eanince  of  both  these  inclusions  ma\  hi'  noted.  .A  pholograjih  of  the  largest 
irndusion  found  in  Ifun  (50  is  shown  in  Figure  .'1(5.  This  object  is  metallic  and  nonporous  in 
I’haracter.  These  inclusions  were  ehemicjtlly  tinaly/ed  hv  I’A  W.A 

(Amclusions  drawn  from  the  radiographic  examinaii<'n  of  the  basic  and  su|iiilementar>'  lest 
runs  are  listed  below; 

(a)  (’oniaminants  were  pre.sent  in  all  the  lots  ot  tit:mitim  turnings  ;is-received. 
thus  I'onfirming  the  need  for  a  (trocess  to  remocf  them. 

(hi  The  ferrofhiid  d<‘rtsi(y  ,se|>araiioti  process  resulierl  in  a  significatit  reduct i(*ti 
in  contamimit ion  level  of  titaniutn  chijis  lor  all  tin*  run  conditions 
examined;  howexer,  some  residutil  contamintinis  remained  itifer  ettch  run. 

(c)  The  residutil  concent r.tt  ion  of  contaminants  iti  tin*  floats  is  ;i  function  of  thi* 
oiiertiting  ptirttmelers  <>1  the  se|)arator  and  the  I'harticteristics  of  the 
contaminiints.  The  prittciptd  mechanisni  that  restilis  in  misclassifictu ion  of 
particles,  aitpetirs  to  he  (xarticle  interaction.  es|)eciallv  railing.  In  order  to 
minimize  this  problem,  it  is  necesstirv  to  operate  a  ferrotluid  seiwrator 
under  conrlitions  such  that  ,  tt.'tlT  with  ti  lerronuid  density  atiproaching 
the  density  of  the  scrai*. 

(d)  The  ferrotluid  separtilion  process,  vitilizing  suitable  operating  parameters, 
apitettrs  to  he  captthle  of  removing  all  tungsten  carbide  fragments  larger 
than  (),0.'5(l-in.  dia  as  well  as  a  signilh  ant  Irtiction  <'f  the  smidler  tragments. 
Conditions  which  letid  to  the  removal  of  tungsten  carbide  fragments  also 
lead  to  the  retnoval  of  stainless  steel  and  su])eralloy  turnings.  Porous 
contaminants  which  may  contain  closed  voids,  and  which  ha\e  an  a[)jiarent 
density  approaching  that  of  titttnium  are  not  effectively  removed  by  the 
terrofluid  process. 

e.  Preparation  for  Ingot  Melting 

Flo.at  ()roducts  from  six  sirecilic  'I’i-b.Al-lA'  test  runs  were  selected  for  melting  and  further 
evtduation.  These  six  runs  included  basic  (.Series  .A  D)  Nos.  (5.  hand  2'(.  ;ind  supplementary  test 
runs  .AS.  Th  and  (50. 
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Figure  29.  Photo  Reduction  of  1 1  X  Id-in.  A  VCO  Radiograph  of  Floats  from  Test 
Run  No.  56,  Lo,  07 
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Figure  30.  Photo  Reduction  of  II  X  N-in.  A  VCO  Radiograph  of  Floats  from  Test 
Run  No.  57,  Lot  08 
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:il.  I’hiitn  lirduiiiDii  i>l  1 1  ■  I  l-in.  AVCO  l\adloi:riiph  nl  I'huHs  fnmi  T.-; 
Nan  .Vf'  Lift  Of 
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Figure  34.  Inclusion  from  Float  of  AWO  Run  3H  (Dimensions  (1.230  s.  0.200 
0.150  in.) 
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(f)  Light-Density  Contaminant  Separation  Tests 


Light  density  contaminants,  such  as  aluminum,  in  moderate  quantities,  are  not  especially 
detrimental  to  Ti-6A1-4V,  yet  may  produce  chemistry  deviations;  other  light  contamination,  e.g., 
wood  chips,  rag  fragments,  etc.,  are  a  nuisance  during  remelting.  The  capability  of  the  ferrofluid 
to  remove  these  low-density  contaminants  was,  accordingly,  demonstrated  in  three  runs  uiting 
natural  scrap  and  scrap  seeded  with  aluminum  chips. 

(1)  Test  Procedure 

Titanium  for  the  “lights”  removal  runs  was  selected  from  lots  which  had  the  “heavies” 
removed  in  prior  runs,  and  which  had  been  run  under  near-optimum  conditions,  to  be 
representative  of  the  practice  which  is  likely  to  be  followed  in  the  future  purification  of  titanium 
scrap  turnings.  Aluminum  turnings  for  addition  to  the  titanium  turnings  were  made  by  AVCO  by 
machining  a  solid  piece  of  aluminum;  thus  it  was  assured  that  the  “contamination”  added  was, 
in  itself,  uniform  and  free  of  other  contaminants. 

A  series  of  runs  of  titanium  turnings  from  Lot  01  were  made  at  different  density  settings  and 
the  percentages  of  sinks  versus  floats  were  recorded.  Similarly,  samples  of  the  aluminum  turnings 
alone  were  run  at  different  density  settings.  Figure  37  shows  the  relationship  between  the  percent 
of  floats  and  ferrofluid  apparent  density  for  the  titanium  and  the  aluminum  respectively.  Based 
on  these  calibration  runs,  3.6  gm/cm’  ferrofluid  apparent  density  (34.4  in.  of  water)  was  selected 
as  best  meeting  the  criteria  of  maximum  separation  with  minimum  misclassification. 

The  initial  test  run  (No.  269)  was  conducted  utilizing  a  material  lot  which  had  been 
previously  run  to  remove  “heavies.”  “Lights”  removal  during  this  run  provided  a  pre.sumably 
contamination-free  material.  Pure  A1  turnings  were  subsequently  added  to  this  material  to 
provide  feedstock  for  a  run  (No.  270)  in  which  “lights”  were  again  removed.  In  order  to 
demonstrate  the  removal  of  “lights”  from  as-received  scrap,  a  second  lot  of  material,  which  had 
been  previously  run  to  remove  "heavies.”  was  run  (No.  271)  to  remove  “lights.” 


(2)  Test  Results 


Data  from  each  of  the  three  tests  are  listed  below; 


1.  Teat  No.  269  (Removal  of  any  possible  “lights”  before  addition  of  aluminum) 


Sample  Source; 

Sample  Weight; 
Contamination  Added; 
Ferrofluid  Apparent  Density; 
Actual  Feed; 

Floats; 

Sinks; 

Removed  from  Separator; 


2.  Test  No.  270  (Removal  of  Al) 

Sample  Source; 

Sample  Weight; 
Contamination  Added; 

Total  .Sample; 


Lot  01,  Floats  from  Test  No.  1 

107  lb 

None 

3.62  gm/cm’ 

220  Ib/hr 
1.03  lb 
98.0  lb 

8.2  lb  (possibly  contaminated  by 
prior  runs) 


Sinks  from  IVst  No.  269 
98.0  lb 

4..'i  lb  aluminum  turnings 

102.r)  lb 
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Ferrofluid  Apparent  Density: 
Actual  Feed  Rate: 

Floats: 

Sinks: 


3.62  gm/cm’ 
325.5  tb/hr 
5.7  tb 
97.2  tb 


3.  Test  No.  271  (“Lights”  removal  from  “as-i.s”  Ti  turnings) 


Sample  Source: 

Sample  Weight: 

Contai.  ination  Added: 
Ferrofluid  Apparent  Density: 
Actual  Feed  Rate: 

Floats: 

Sinks: 


Lot  01,  Floats  from  Test  No.  17 

81.9  lb 

None 

3.62  gm/cm’ 

239  tb/hr 
0.6  lb 
81.3  tb 


A  32  tb  sample  of  the  sinks  from  Te.st  No.  270  was  hand-sorted  to  identify  any  misclassified 
aluminum  which  might  be  present.  A  total  of  1.8gr  of  A1  was  found  manually  indicating  a  weight 
concentration  of  0.012''V. 


30  32  34  36  38  40  42  44 

Manometer  Reading  Corrected  to  in.  of  Water 


3.2  3.4  4.6  3.8  4.0  4.2  4.4  4.6 

Ferrofluid  Apparent  Density  gm/cm^ 

FD  171449 

Fi^urv  :\7  l\’n  vntan>'  af  Flaats  fmm  Titanium  Turnitif’a  and  Aluminum 
Turnings  rs  Ferrofluid  Apparent  I  tensity  li-eliminnry  Test  —  fljit 

on  (FF  1221)  (M  '  2<tr,  (iaiissi 
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Preliminary  analysis  of  test  data  indicates;  (1)  the  “as-is”  samples  had  little,  if  any,  A1  and 
other  “lights”  present  (floats  in  the  proportion  of  \.04‘i  in  Test  No.  269,  and  0.7‘i  in  Test  No.  271 
likely  reflect  predominantly  misclassification  of  Ti,  rather  than  “lights”),  and  (2)  the  A1 
purposely  added  in  Run  No.  270  appears  to  have  been  almost  completely  removed  (apparently, 
about  1.2  tb,  or  about  P'i  of  the  Ti  went  out  with  the  floats,  and  manual  examination  of  a  portion 
of  the  sinks  indicates  only  a  trace  of  free  A1  was  left  in  the  sinks). 

Chemical  analyses  of  the  floats  and  sinks  from  tests  270  and  271  was  conducted  to  confirm 
that  the  sinks  meet  Ti-6A1-4V  specification  and  the  floats  are  Al-rich. 

g.  Separation  Test  Program  (Superalloy) 

A  separation  test  program  was  carried  out  to  establish  the  manufacturing  conditions 
required  to  remove  foreign  fragments  from  .superalloy  chips  by  ferrofluid  density  separation.  The 
object  of  these  tests  was  to  remove  Ti  alloy  turnings  (Ti-,5AI-2.5Sn.  Lot  08)  and  lead  shot  from 
Waspaloy  chips  (Lot  09)  as  supplied  by  Frankel  Co.  The  general  operating  conditions  established 
to  process  Ti  chips  were  used  in  the  superalloy  tests,  with  exceptions  as  noted  in  the  following 
paragraphs. 

(1)  Test  Procedure 

The  ferrofluid  separator  was  operated  at  a  higher  apparent  density  than  for  the  Ti  chips 
because  of  the  higher  density  of  the  Waspaloy.  As  a  result,  a  stronger  ferrofluid  (AVCO  Ferrofluid 
No.  1248)  was  used,  having  a  magnetization  of  500  gauss,  a  true  density  of  1.405  gm/cm’  and  a 
viscosity  of  24  cp.  This  kerosene-base  ferrofluid  differs  from  the  Ferrofluid  1224  used  in  the  Ti 
separation  tests  only  in  the  concentration  of  magnetic  colloid  in  suspension. 

The  purification  of  the  Waspaloy  required  two  separations.  The  low  density  contaminants 
were  removed  as  floats  by  operating  the  separator  at  a  density  lower  than  that  of  the  .superalloy 
being  processed.  The  sinks  of  this  separation,  which  consisted  of  the  superalloy  and  denser 
contaminants,  were  then  reprocessed  through  a  ferrofluid  separator  operating  at  a  density  higher 
than  the  superalloy.  The  dense  contaminants  were  in  the  sinks,  and  the  purified  superalloy 
product  was  recovered  as  floats. 

The  feed  mixture  was  processed  through  the  complete  AVCO  process,  e.g.,  it  was  screened 
at  10  mesh  to  remove  fines  and  passed  over  a  magnetic  drum  to  remove  magnetics.  It  was  found 
that  screening  resulted  in  the  removal  of  about  T'i  of  the  as-received  material;  less  than  0.4C  was 
removed  by  the  magnetic  drum. 

(2)  Test  Results 

Preliminary  tests  were  carried  out  with  small  lots  of  uncontaminated  Waspaloy  thips  (Lot 
09)  to  establish  the  appropriate  range  of  operating  conditions  for  the  optimization  runs  that 
would  be  carried  out  with  larger  lots  of  contaminated  material.  In  these  tests,  the  apparent 
density  of  the  ferrofluid  was  varied  over  a  range  corresponding  to  pressure  readouts  of  from  60  to 
79  in.  HjO,  or  an  apparent  ferrofluid  density  of  7.6  gm/cm’  and  10.0  gm/cm’.  respectively  as 
shown  previously  in  Figure  12.  The  feed  rates  ranged  from  270  to  1230  Ib/hr. 

Figure  38  shows  the  relation  between  the  percentage  of  material  floated  and  ferrofluid 
apparent  density.  Essentially  all  the  material  sank  at  an  apparent  ferrofluid  density  of  7.6  gm/ 
cm’  or  less,  and  approximately  85  to  95'';  of  the  material  floated  at  a  density  of  8.9  gm/cm’.  The 
amount  of  Waspaloy  chips  in  the  floats  increased  rapidly,  with  increasing  densities  between  7.6 
and  8.9  gm/cm’.  The  neutral  buoyancy  point  for  these  chips  corresponds  to  an  operating  pre.ssure 
of  slightly  less  than  66  in.  H-^O.  At  this  pressure,  half  of  the  chips  floated  and  half  the  chips  sank 
(density  of  Waspaloy  =  8.2  gm/cm’). 
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7.5  ^  8.5  9.5  T  10.5 

Ferrofluid  Apparent  Density  -  gm/cm*’ 

FD  171460 

Figure  38.  F^eliminary  Waspaloy  Test  Runs  of  AVCO  Ferrofluid  Separator  — 
Percent  of  Material  Floated  vs  Apparent  Density 


Figure  39  shows  the  effect  of  feed  rate  on  the  cla.H.sificalion  of  the  Waspaloy  chips  at  an 
operating  pressure  of  70  in.  HjO  (8.9  gm/cm’).  There  wa.s  no  .significant  effect  of  feed  rate  over  the 
range  of  270  to  1230  Ib/hr. 

Based  on  these  tests,  the  following  operating  conditions  were  selected  for  further  evaluation; 

Removal  of  low-density  contaminants 

Apparent  ferrofluid  densities  =  7.2  and  7.6  gm/cm’ 

Feed  rates  =  500  to  600  and  900  to  1000  tb/hr 

Removal  of  high-density  contaminants 

Apparent  ferrofluid  densities  =  8.9  and  9.4  gm/cm’ 

Feed  rates  =  500  to  600  and  900  to  1000  ft/hr 

A  total  of  thirty  test  runs  were  performed  in  accordance  with  the  summary  test  sequence 
presented  in  matrix  form  in  Table  18.  This  sequence  may  be  contrasted  with  the  original  test  plan 
in  Table  8. 
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Figure  39.  Preliminary  Waspaloy  Test  Runs  of  AVCO  Ferrofluid  Separator  — 
Percentage  of  Sinks  vs  Feed  Rate 


TABLE  18 

AVCO  FERROFLUID  SEPARATION  SYSTEM 
TESTS  -  WASPALOY 


OBJECTIVE 

Determine  effects  of  apparent  density  and  processinp  rate  on  separation  efficiency. 


SCRAP  PROPERTIES 

1.  Crushed,  degreased  and  dry  turnings. 

2.  Size  Range  -3  +  '  ,  jn. 

3.  Bulk  Density  —  Typical  Median  Range 

EXPERIMENTS 


Apparent  Densities  in  gm/cm* 

Processing  Rate 

(th/hr) 

Removal  of  Light 

Removal  of  Dense 

400  to  700 

700  to  1000 

1000 

Contaminants 

Contaminants 

7.9 

8.9 

101* 

7.6 

8.9 

109  ABCD 

7.2 

8.9 

m3  AB“ 

102  AB 

7.2 

9.4 

107  ABCD 

108  ABCD 

7.6 

94 

104  AB" 

10.3  AB 

106  B 

106  A 

'Separation  of  Uncontaminated  Sample 
"Repeat  teat 
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A  102  tb  sample  of  screened  Waspaloy  was  used  to  carry  out  Run  101.  An  additional  615  lb 
of  screened  Waspaloy  was  mixed  with  30  lb  each  of  Ti-5Al-2.5Sn  chips  (Lot  08)  and  lead  shot  to 
provide  the  feed  material  for  Runs  102  to  106  which  were  single-pass  runs  at  the  various  operating 
conditions.  Subsequently  the  remaining  345  lb  of  screened  Waspaloy  were  mixed  with  15  lb  each 
of  the  two  contaminants  to  provide  the  feed  material  for  Runs  107  to  110  which  were  double-pass 
runs.  Figure  41  shows  the  material  balance  summary. 

The  material  balances  obtained  in  these  tests  are  summarized  in  Tables  19,  20  and  21  and 
include  data  for  the  uncontaminated  material  (single-  and  double-pass  runs).  X-ray  examina¬ 
tions  of  the  separated  samples  were  not  made  since  it  was  more  economical  to  obtain  lead  content 
as  part  of  the  elemental  analysis  of  the  melted  samples.  Consequently,  10  lb  samples  of  all 
products  were  sent  to  P&WA  for  selective  chemical  analysis. 

(a)  Discussion  Results 

A  thorough  assessment  of  the  data  requires  a  consideration  of  chemical  analysis  results, 
although  some  insight  into  the  separation  can  be  reached  by  analysis  of  the  yield  data. 

Purification  of  Vncontaminated  Material 

The  preliminary  tests  and  Runs  lOlA  and  lOlB  yield  information  on  the  processing  of 
uncontaminated  material.  Very  little  material  floated  at  apparent  ferrofliiid  densities  of  7.6 
gm/cnC  or  less,  i.e.,  0.6  gm/cm’  or  more  below  the  density  of  Waspaloy.  Conversely,  a  small  but 
significant  amount  of  material  sank  when  the  separator  was  operated  at  apparent  densities 
significantly  higher  than  the  Waspaloy  density  of  8.2  gm/cm’  At  an  apparent  density  of  10.0 
gm/cm?  6.8' i  of  the  material  went  into  the  sinks.  There  appears  to  be  a  response  lag  on  the  floats, 
since  not  all  the  material  floats  even  when  t!.e .separator  is  operated  at  densities  higher  (by  about 
!..■)  gm/crrf)  than  that  of  the  scrap.  These  results  indicate  that  the  as-received  Waspaloy  chips 
contained  a  very  small  impurity  concentration  of  lower  density  than  the  Waspaloy  and  a  large 
high  density  contaminant  concentration.  One  possible  explanation  for  the  response  lag  on  the 
floats  is  interference  by  the  sinking  dense  contaminants.  Another  interpretation  is  that  some 
fraction  of  the  Waspaloy  chips  are  slightly  more  magnetic  than  the  bulk  of  the  chips  due  to 
selective  work  hardening  during  their  prior  history.  As  a  result,  these  chips  may  simulate  the 
behavior  of  high  density  chips. 

The  uncontaminated  test  (Run  lOIA)  was  run  at  too  high  an  apparent  den.sity  of  the 
separating  medium.  The  result  was  floating  an  unacceptable  large  amount  of  Waspaloy. 

This  confirms  the  preliminary  test  results  which  show  over  20‘'(  of  material  floating  at  an 
apparent  density  of  7.9  gm/cm?  whereas  at  an  apparent  density  of  7.6  gm/cm)  only  1.5'(  of  the 
uncontaminated  (as  received)  material  floated  in  a  preliminary  run.  As  a  result,  all  tests  with 
contaminated  feed  were  run  at  an  apparent  density  of  7.2  or  7.6  gm/cnV  to  minimize 
misclassification  of  the  Waspaloy. 

As  shown  in  Figure  40.  there  was  little  effect  of  feed  rate  on  the  classification  of  the  as- 
received  product.  This  is  not  surprising  in  that  the  calculated  values  oft.  utilizing  the  density 
difference  between  the  operating  density  and  that  of  Waspaloy,  were  much  lower  than  the  initial 
value  of  0,015.  For  the  runs  presented  in  Figure  40.  the  values  of  i  ranged  from  0.(Xn  to  0.(X17. 
These  values  are  much  lower  than  the  values  that  would  have  been  observed  for  Ti  alloy  chips 
processed  at  these  mass  feed  rates,  mostly  because  the  Waspaloy  chips  ha\e  a  much  higher  bulk 
density. 
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Figure  40.  AVCO  Ferrofluid  Separator  Waspaloy  Test  Runs-Summary  Material 
Balance 


TABLE  19 

AVCO  FERROFLUID  SEPARATION  TESTS  -  DATA  SUMMARY 
FOR  SINGLE-PASS  RUNS  WITH  AS-RECEIVED 
WASPALOY  CHIPS 


Run  No. 

lOIA 

Lights 

Removal 

lOIB 

Heavies 

Removal 

Preliminary  Test 

I  13  12 

Peed  Rate  Ib/hr 

506 

450 

610 

585 

.580 

Operating  Density  gm/cm’ 

7.9 

8.9 

7.6 

7.9 

8.7 

Operating  Pressure  in.  H,0 

62 

70 

60 

62 

70 

Wt  Floats,  lb 

22.6 

72.0 

0.6 

7.3 

33.4 

Wt  Sinks,  lb 

80.3 

8.2 

37.2 

28.2 

2.2 

Total  Weight,  lb 

102.6 

80.2 

37.8 

35.5 

35.6 

Weight  '"r  Sinks 

Product  Recovery*, 

78.2 

10.2 

70.5 

98.5 

79.4 

6.2 

‘Product  Recovery  = 


Weight  of  Floats  Pass  B 
Weight  of  Feed  Pass  A 


TABLE  20 

AVCO  FERROFLUID  SEPARATION  TESTS  OF  WASPALOY  MATERIAL  -  DATA  SUMMARY  FOR 
SINGLE-PASS  TESTS  OF  CONTAMINATED  MATERIAL 


Run  No. 


Feed  Rate  tb/hr 
Operating  Pressure, 
in.  H,0 

Apparent  Density 

Total  lb 


/03B“  KMB" 

I02A  I02B  103A  1038  Heavies  I04A  IMB  Heavies  lOSA  I05B  I06A  106B 

Lights  Heavies  Lights  Heavies  Removal  Lights  Heavies  Removal  Lights  Heavies  Lights  Heavies 

Removal  Removal  Removal  Removal  Rerun  Removal  Removal  Rerun  Removal  Removal  Removal  Removal 


TABLE  21 

AVCO  FERROFLUID  SEPARATION  TEST  OP  WASPALOY  MATERIAL  -  DATA 
SUMMARY  FOR  DOUBLE-PASS  RUNS 


Run  No. 

tOlA 

Lights 

t07B 

Removal 

I07C 

Heavies 

W7D 

Removal 

I08A 

Lights 

mB 

Removal 

/08C 

Heavies 

I08D 

Removal 

Pass 

I 

2 

1 

2 

1 

2 

I 

2 

Feed  Rate  Ib/hr 

527.0 

510.0 

,518.0 

,595.0 

8,50.0 

9,50.0 

1000.0 

880.0 

Operatinx  Pressure,  in.  H,0 

67.0 

57.0 

74.0 

74.0 

.57.0 

57.0 

74.0 

74.0 

Apparent  Density  (tm/cm* 

7.2 

7.2 

9.4 

9.4 

7.2 

7.2 

9.4 

94 

Wt  Floats  tb 

0.9 

06 

,51.7 

45.;i 

1.0 

0.6 

.56.8 

51.7 

Floats  and  Sinks 

Wt  Sinks  tb 

6,9.8 

62  0 

8.8 

5,08 

69.0 

65.0 

7,5 

4.8 

Total  tb 

64.7 

62.9 

605 

.50  4 

70,0 

65.9 

64.0 

,56  5 

wt.  n>  wi. W(  ft)  wi, 


Weight  Product.  lt>  and  Wt  S 

45.0 

74.7 

51.7 

78.8 

WeiRht  bv  PrcKluct  Ploata.  tb  and  Wt  'V 

1.5 

2.5 

1.6 

2.4 

Weight  bv  Product  Sinks,  lb  and  Wt 

10.8 

22.8 

12.0 

18.8 

Total  Accountable  Products,  tb 

60.6 

100.0 

100.0 

Run  No 

I09A 

Lights 

ms 

Removal 

J09C 

Heavies 

I09D 

Removal 

IWA 

Lights 

HOB 

Removal 

IWC 

Heavies 

two 

Removal 

Pass 

1 

2 

' 

2 

1 

2 

1 

2 

Feed  Rate  tb/hr 

520.0 

475.0 

,570.0 

KHO.O 

9()0.0 

%0.() 

9fk).0 

()|)eratinK  Pres.sure,  in.  H,0 

60.0 

60.0 

70.0 

70  0 

fit)  0 

60  0 

70.0 

70,0 

Apparent  Density  gm/cm’ 

7.6 

7.6 

8.9 

8.9 

7,6 

7.6 

8.9 

8,9 

Wt  Floats  tb 

0,0 

1.5 

46.9 

09.2 

4.(? 

1,7 

.54,2 

47,0 

Wt  Sinks  tb 

61.2 

,58.7 

10.2 

7,4 

68  0 

64.8 

9.5 

Total  tb,  Floats  and  Sinks 

64,2 

60.2 

,57.1 

46.6 

72.6 

66  5 

.54,9 

Wl.  tb  Wt.  Wl.  ft)  Wl. 


Weight  Pnxiucts 

,09.2 

64.0 

47.0 

68.0 

Weight  by  Product  Floats 

4.5 

7.4 

6.0 

9.0 

Weight  by  Product  Sinks 

17,5 

28.6 

16.0 

20.0 

Total  Accountable  Products 

61.2 

100.0 

69.6 

100  0 

Kpfd  Mixture 

Waspalov 

TiSAl^.SSn 

l-ead 

Total 


Purification  of  Contaminated  Material 

For  the  single-pass  runs,  102  though  106.  it  is  possible  to  compare  the  total  weight  of  the 
floats  of  the  A  runs,  in  which  low  density  contaminants  are  removed,  with  the  weight  of  Ti  alloy 
scrap  added  to  the  master  feed  batch.  In  a  similar  fashion,  it  is  possible  to  compare  the  weight 
of  the  sinks  of  the  B  runs,  in  which  the  high  density  contaminants  are  removed,  with  the  weight 
of  the  lead  shot  added  to  master  feed  batch.  It  should  be  recalled  that  30  lb  each  of  titanium  alloy 
and  lead  were  added  to  615  lb  of  Waspaloy.  resulting  in  675  lb  of  a  feed  mixture  that  contained, 
on  the  average,  4.45''r  of  each  contaminant. 

The  total  weight  of  the  floats  from  Runs  102A  through  106A  was  61.5  tb.  This  is  roughly 
twice  the  weight  of  the  added  Ti  indicating  a  greater  degree  of  misclassification  in  these  runs  than 
was  found  in  the  floats  of  preliminary  runs  carried  out  at  apparent  densities  of  7.6  gm/cml  i.e., 
31 ,5  tb/615  tb  or  about  5‘’r  appears  to  be  misclassified,  or  five  times  as  much  as  before.  The  weight 
fraction  of  the  floats  was  much  lower  in  the  case  of  Runs  102A  and  103A  than  for  Runs  104A  to 


The  higher  percentage  of  floats  in  the  later  runs  may  be  partially  accounted  for  by 
segregation  of  the  Ti  chips  in  the  feed  hopper.  There  were  fewer  Ti  chips  in  the  feed  to  the  first 
Run  102,  which  was  drawn  from  material  originally  present  at  the  bottom  of  the  hopper,  than  in 
the  feed  to  the  last  Run  106,  which  was  drawn  from  material  originally  at  the  top  of  the  chip  pile 
in  the  hopper.  In  addition  the  weight  of  floats  from  Run  106A  was  larger  than  the  30  lb  of  Ti  chips 
added  to  the  original  feed  mixture. 

The  total  weight  of  the  sinks  from  Runs  102B  to  106B  was  80.4  tb.  This  is  roughly  2.7  times 
the  weight  of  lead  shot  initially  added.  The  ratio  of  the  weight  of  the  sinks  less  the  weight  of  the 
added  lead  to  the  weight  of  the  Waspaloy  chips  initially  added  to  the  feed  is  equal  to  50.4/615  or 
8.2'i.  This  overall  percentage  of  Waspaloy  chips  in  the  sinks  agrees  with  percentage  of  sink.s 
found  in  the  preliminary  tests  with  uncontaminated  Waspaloy  at  apparent  densities  of 

8.9  gm/cm’  and  9.4  gm/cm?  There  was  no  systematic  increase  or  decrea.se  in  the  weight  of  the 
sinks  of  progressive  runs,  indicating  that  there  was  no  severe  segregation  of  the  lead  shot  in  the 
Waspaloy.  However,  the  weight  fraction  sinks  for  the  last  Run  106B  was  much  higher  than  for  the 
other  runs.  While  this  result  might  have  been  due  to  operation  at  a  higher  feed  rate  (1,260  Ib/hr) 
than  was  used  in  the  other  runs,  it  may  also  have  been  due  to  the  presence  of  significantly  more 
lead  shot. 

The  same  general  observations  apply  to  Runs  107  to  110.  where  the  scrap  was  subjected  to 
four  passes,  two  floats  and  two  sinks.  The  total  weight  of  the  floats  from  Runs  107B  to  1  lOB  was 

17.9  lb.  This  number  is  only  slightly  higher  than  the  weight  ofTi  chips  (1.5  tbi  added  to  the  feed 
mixture,  indicating  that  little  (i.e.  2.9/.345  =  0.8';  1  Waspaloy  has  been  misclassified  as  was  found 
in  the  preliminary  runs  operated  at  the  .same  pressures.  In  addition,  it  was  noted  that  the  weight 
of  the  floats  increases  with  progressive  runs  and  that  the  weight  of  the  by-product  floats  for  the 
last  Hun  (110)  was  four  times  the  weight  of  the  by-product  floats  (or  the  first  Run  (107).  The 
[xissible  .segregation  of  the  titanium  chips  in  the  feed  hopper  was  also  likely  for  these  runs, 
although  less  severe,  most  probably  because  the  feed  batch  was  smaller. 

The  total  weight  of  the  sinks  from  Runs  1071)  to  1 101)  was  05,6  tb.  Subtracting  the  15  lb  of 
lead  added  to  the  feed  produces  a  nominal  misclassification  of  .50.0/345  or  about  14.5',  of  the  feed 
Waspaloy.  This  is  higher  than  the  average  value  found  for  the  one  |)a.ss  runs.  The  significance  of 
these  results  will  dejjend  on  the  analysis. 

The  weight  of  the  input  to  a  given  run  is  slightly  higher  than  the  combined  weight  of  the 
floats  and  sinks  from  that  run  (Table  21 ).  This  was  because  of  a  small  residual  amount  of  material 
left  in  the  separator.  This  amount  is  noncumuiative  and  would  not  be  of  significance  in  processing 
large  quantities  of  scrap. 

The  purified  products  from  Huns  102  and  104  were  sent  to  Teledyne-ALIA'AC  in 
Monroe.  N.  C..  for  melting  into  ingots.  At  the  same  time.  10  samples  from  varimis  runs  were  sent 
to  P&WA  for  selective  chemical  analysis. 

(h)  Conclusion.s 

1 .  In  the  various  artificially  contaminated  runs.  Ti  chips  were  definitely  i)resent 
in  the  by-product  floats,  and  lead  halls  were  present  in  the  by-product  sinks. 

The  principal  product  looked  clean. 

2.  The  operation  of  the  separator  was  smooth  due  to  the  high  bulk  density  of  the 
chips. 

3.  The  concentration  of  low  density  contaminants  in  the  as-received  sera))  was 
low.  The  presence  of  higher  density  contaminants  is  likely. 
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4.  There  was  some  indication  that  the  composition  of  the  feed  varied  for 
different  runs  because  of  segregation  of  Ti  scrap  in  the  feed  hopper.  Because 
of  this  possibility,  it  was  not  possible  to  definitively  sort  the  effects  of  feed 
rate,  operating  pressure  and  number  of  passes  on  the  purification  proce.ss.  It 
appears  that  overall  conclusions  drawn  from  the  Ti  chip  purification  test 
program  would  also  be  applicable  to  the  superalloy  tests. 

2.  Frankel  Company  Fluidized  Bad  Procaaa 

An  improved  method  of  dense  media  separation  using  a  dry  lluidized  bed  was  developed  by 
tbe  Frankel  Company.  U.  S.  Patent  3,610,41.5  describes  this  process  for  the  separation  of  dense 
particulate  metals  from  Ti  turnings  and  chips.  As  originally  conceived,  the  process  used  a 
fluidized  bed  of  lead  shot  capable  of  producing  effective  media  densities  up  to  6.0  gm/cm-!  In  pilot 
scale  experiments,  tbe  separation  of  tungsten  carbide  tool  bits  from  titanium  turnings  was 
demonstrated.  The  process  is  not  capable  of  separating  denser  metals,  such  as  lead  alloys,  from 
superalloys.  To  avoid  the  potential  difficulties  with  the  use  of  a  lead  media,  an  alternative 
method  is  utilized  to  separate  titanium  from  heavier  particles,  A  thick  bed  of  Ti  particles  is 
fluidized  with  air  in  a  conventional  manner.  Scrap  material  is  continually  introduced  while  being 
removed  from  overflow  di.scharge  regions  at  the  top  of  the  bed.  When  heavier  particles  sink  to  the 
bottom  of  the  bed,  they  are  removed  laterally  by  vibratory  conveyance. 

a.  Program  Plan  Details  (Phase  0 

Frankel  Co.  conducted  a  series  of  test  separation  experiments  to  evaluate  the  effect  of  scrap 
variables  and  process  variables  assiK'iated  with  the  fluidized  bed  separation  process.  Contami¬ 
nants  similar  in  type  size  and  concentration  to  tho.se  de.scribed  for  the  ferrofluid  te.st  program 
were  added  to  the  scrap.  Test  lots  of  100  tb  each  were  processed  under  varying  conditions  (Table 
22),  Processing  included  crushing,  cleaning,  magnetic  separation,  screening,  fluidized  bed 
processing.  X-ray/chemistry  checks  and  ingot  melt.  Ingots  were  evaluated  as  previously  described 
in  the  AVCO  ferrofluid  .separation  program  plan. 


TABLE  22 

FRANKEL  FLUIDIZED  BED  SEPARATION  SYSTEM  PROPOSED 
TEST  VARIABLES 
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(rh/cu  ft)' 

Method  of 
Cleaning 

(ontnminont.s* 

Fluidized  Bed 
lYocvss 

1 

HAI-4V 

■  8  Mesh 

21)  to  .10 

Detergent 

wr 

1 

2 

fiAl-tV 

'4+8  Mesh 

20  to :«) 

Detergent 

we 

:i 

3 

6A1-4V 

-  S  f- 

20  to  .Kt 

Detergent 

Hr 

1 

4 

6A1-4V 

'«  +  8  Mesh 

•20  to  :U) 

Detergent 

wr 

I 

5 

6A1.4V 

S  4  >- 

20  to  :io 

Detergent 

wr 

:i 

H 

6A1-4V 

S  4 

•20  to  .10 

Detergent 

Wasp  ^  SS 

1 

7 

6A1-4V 

4 

•20  to ;«) 

Detergent 

Wasp  ♦  SS 

;! 

8 

6A1-4V 

'4  4 

10  to  is 

Detergent 

wr 

1 
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10 
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wr 

1 
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b.  Frankel  Co.  Fluidized  Bed  Density  Separation  Process 

(1)  System  Technique 

A  method  of  dense  media  separation  utilizing  a  dry  fluidized  bed  was  developed  by  the 
Frankel  Co.  (U.  S,  Patent  ^1610415).  This  prcK-ess  is  rapable  of  separating  dense  particulate 
matter  from  Ti  chips,  and  with  modification  has  also  been  used  to  separate  Ti  chips  from  nickel 
base  alloys. 

Figure  41  is  a  schematic  layout  of  the  Frankel  Co  fluidized  bed  .separation  .system  The  unit 
is  designed  to  feed  contaminated  chips  to  a  vibrating  s<  reen  By  o|)eraior  control  of  chip  feed  rate, 
airflow,  screen  movement,  and  screen  angle,  the.se  chips  are  separated  into  heavy  and  light 
components.  Details  of  the  operation  are  described  in  the  following  paragraphs. 

The  screen  is  adjusted  at  an  angle  so  that  one  end 's  higher  than  the  other,  i.e..  an  inclined 
plane.  Initial  operation  requires  establishment  of  a  chip  to  creen  feed  rate  which  will  match  the 
capability  of  the  screen  to  “transport”  the  chips,  followed  In  actuation  of  airflow  through  the 
screen.  With  continued  feeding,  a  wedge-shaped  chip  bed  is  built  up,  with  a  lip  at  the  lower  end 
of  the  screen  providing  the  base  to  the  wedge.  An  output  chute  is  loi  ated  at  the  base  of  the 
inclined  plane  and  a  reject  chute  is  located  at  the  top  of  the  inclined  plane  Airflow  through  the 
screen  is  adjusted  to  provide  sufficient  air  to  fluidize  the  bed  of  chips  on  the  screen.  Lighter  Ti 
chips  will  float  on  the  top  of  the  bed  and  be  carried  down  Ihi  inclined  plane  by  gravity, 
overflowing  the  lip  into  the  output  chute.  Heavier  contaminants  will  settle  to  the  bottom  of  the 
bed,  come  in  contact  with  the  screen  and  be  carried  up  the  screen  to  the  reject  chute.  Some  of  the 
larger,  dense  particles,  especially  if  they  have  a  smiKith  surface,  will  not  be  carried  by  the  screen 
to  the  reject  chute  and  will  remain  near  the  bottom  of  the  bed.  If  airflow  through  the  screen  is 
excessive  most  or  all  material  will  overflow  the  lip  and  exit  at  the  output  chute,  or,  in  an  extreme 
condition,  be  blown  out  of  the  unit  and  scattered.  If  airflow  through  the  screen  is  inadequate,  the 
reject  rate  will  be  excessive.  In  the  extreme  case  of  no  airflow,  all  material  will  be  carried  to  the 
reject  chute. 

No  airflow  is  used  when  starting  the  unit.  Following  activation  of  the  airflow  and  the 
establishment  of  a  fluidized  bed,  airflow  i,s  adjusted  to  establish  a  reasonable  rejection  rate; 
however,  rejection  of  noncontaminated  titanium  chips  will  always  occur.  Material  which  has  been 
removed  through  either  the  output  chute  or  reject  chute  up  to  this  point  is  returned  to  the  hopper 
and  the  actual  separation  run  is  initiated. 

The  selection  of  a  rejection  rate  is  based  on  operator  judgment  and  experience.  It  is 
necessary  to  reject  a  minimum  amount  of  noncontaminated  material  to  assure  removal  of  all 
contaminants.  A  reject  rate  should  correspond  with  the  anticipated  difficulty  of  separation,  e.g., 
a  high  rate  for  separation  of  fine  chips.  In  general,  the  reject  rate  can  vary  from  0.25  to  lO^r, 
depending  on  the  size,  shape,  and  density  of  the  feed  material  and  contaminants.  When  the  run 
ends,  the  airflow  is  turned  off  and  the  bed  material  (including  accumulated  contaminants)  is 
carried  out  the  reject  chute. 
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A  -  Hopper 

B  -  Chip  Feeder  (Adjustable) 
C  -  Lip 
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{2)  Separation  Test  Program 

(a)  Test  Procedures 

Frankel  Co.  conducted  a  series  of  ten  fluidized  bed  test  runs.  With  a  few  exceptions,  the 
program  adhered  to  previously  published  plans  (Table  22).  High  density  Ti-5Al-2.5Sn  chips  were 
substituted  for  Ti-8Al-lMo-lV  chips  in  the  final  run  because  of  greater  availability  of  the 
5Al-2.5Sn  alloy,  and  therefore,  the  high  density  6A1-4V  run  was  deleted.  In  addition,  only 
Waspaloy,  rather  than  Waspaloy  and  stainless  steel,  was  added  as  a  contaminant  for  Run  No.  9 
to  demonstrate  removal  of  medium  density  contaminants.  It  was  noted  that  Waspaloy  and 
stainless  steel  have  similar  densities,  and  that  a  more  positive  evaluation  could  be  made  for 
Waspaloy  in  a  reclaimed  product,  since  the  6A1-4V  composition  does  not  normally  have  a  nickel 
content.  Two  of  the  runs  included  an  addition  of  W,  Mo  and  Ta,  along  with  the  planned  WC.  Test 
parameters  are  summarized  in  Table  23. 


TABLE  23 

FRANKEL  FLUIDIZED  BED  ACTUAL  TEST  PARAMETERS 


Hun 

So. 

AlUi\ 

Bulk  Uonsity 
(tb/ftV 

Chip  Size 
/fa/igc  (tn.) 

( 'ontominatv 

Su  of 
PasM's 

Rpject 
Haft-  !'■ ) 

Feed  Hate 
ith/min) 

1 

fiAI-4V 

25 

f  10  Me-ih/  'I 

WC 

1 

r, 

r 

2 

r.A1.4V 

■'.s 

^  l(t  Mesh/  ‘  1 

WC 

5 

6A1  4V 

25 

4  Ih  Mesh/ 

WC 

I 

7 

4 

fiAI.4V 

25 

WC 

1 

•>  1 

fi 

D 

fiA1.4V 

25 

WC 

M 

1 

6AI.4V 

25 

WC.  W.  .Mn,  l  a 

,2 

1 

fiAI.4V 

25 

‘  '-/  't 

WC,  W  Mm.  Ta 

1 

•) 

,-4 

t'.AI.4V 

11 

WC 

1 

2 

(iA1.4V 

25 

^  's/ 

VVasimlov  14') 

1 

10 

5 

10 

.’iA1.2,.'lSn 

41 

WC 

! 

y 

5 

Ten  equal  assortments  of  tungsten  carbide  particles  were  prepared,  each  consisting  of  eight 
large  pieces  (  +  '  j  in.),  20  medium  size  pieces  (  -  ' ./  +  '  i  in.),  20  small  pieces  ( -  '  i  in./+  10  mesh) 
and  20  very  small  pieces  (  -  10/  +  HO).  Figure  42  shows  one  of  these  assortments  utilized  for  each 
100  tb  test  run,  except  for  Run  No.  9  (Waspalov-contaminated  run).  All  tests  in  this  .series  were 
run  with  a  10  deg  screen  angle  and  a  1..')  in.  thick  bed  (lip  height).  Details  of  each  test  are  noted 
in  the  following  paragraphs. 

Test  Run  No.  I 

One  hundred  pounds  of  medium  bulk  density  (2.5  tb/ft ')  6A1-4V  titanium  chips  were  mixed 
with  one  assortment  of  tungsten  carbide  particles.  The  contaminated  chips  were  loaded  into  a 
hopper  and  fed  onto  a  fluidized  bed  unit  with  a  vibratory  feeder  at  the  rate  of  ,5  fb/min.  Airflow 
was  adjusted  on  the  unit  to  obtain  a  .5'V  rejection  rate. 

Test  Run  No.  2 

A  second  100  tb  lot  f)f  contaminated  medium  density  (iAl-4V  titanium  chips  were  processed 
with  the  .same  test  parameters  as  Test  No.  1  (.5  tb/min  feed  rate  and  .5',  rejection  rate).  After 
completion  of  the  run,  the  unrejected  portion  was  replaced  in  the  hopper  and  the  run  repeated 
without  changing  any  of  the  controls.  After  completion  of  this  run.  the  unrejected  portion  was  re¬ 
run  for  a  third  time  in  the  unit,  again  without  changing  any  of  the  controls.  The  rejects  from  the 
three  passes  were  kept  separate. 
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Figure  42.  Typical  Tungsten  Carbide  Tool  Bit  Fragments  Added  to  Each  Test 
Run  by  Frankel  Co. 

In  preparation  for  Tests  3  and  4,  medium  density  6A1-4V  titanium  chips  (200  lb)  were  mixed 
with  two  assortments  of  tungsten  carbide  particles.  After  mixing  the  batch,  the  entire  200  lb  were 
.screened  on  a  '  i  in,  screen,  resulting  in  approximately  100  lb  of  in.  and  100  lb  of  +■’«  in, 
portions.  It  was  noted  that  a  '  i  in.  screen  will  pass  approximately  '*«  in.  size  titanium  chips  due 
to  the  strongly  elongated  shape  of  crushed  turnings. 

Test  Run  No.  3 

The  's  in.  portion  of  chips  was  proces.sed  at  a  feed  rate  of  5  Ib/min,  but  required  a  rejection 
rate  of  T'i,  due  to  the  smaller  particle  size. 

Test  Run  No.  4 

Due  to  the  larger  particle  size,  the  +  '8  in,  portion  permitted  an  airflow  adjustment 
obtaining  only  a  2'  l>'V  rejection  rate  using  a  feed  rate  of  5  Ib/min.  The  remaining  test  runs  were 
all  screened  to  remove  material  smaller  than  's  in.  after  the  addition  of  contaminants.  The 
removal  of  the.se  fines  was  expected  to  increase  the  potential  for  getting  a  high  quality 
reclamation  product. 

Test  Run  No.  .5 

Test  run  No.  b  was  performed  with  medium  bulk  density  6A1-4V  Ti  chips  (+  's  in.),  which 
were  processed  at  a  feed  rate  of  b  Ib/min  with  airflow  adjusted  to  give  Ki  rejection  rate.  After 
completion  of  the  run,  the  output  portion  was  replaced  in  the  hopper  and  the  run  was  repeated 
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without  changing  any  of  the  controls.  After  completion  of  the  second  pass,  the  output  portion  was 
re-run  for  a  third  time,  again  without  changing  of  the  controls.  The  rejects  from  the  three  passes 
were  kept  separate. 

Test  Run  No.  6 

In  addition  to  the  tungsten  carbide  particles,  a  similar  size  assortment  of  tungsten, 
molybdenum  and  tantalum  particles  were  added  to  the  chips  before  screening.  After  processing, 
the  output  portion  of  the  +  *s  in.  chips  (feed  rote  of  5  tb/min  and  a  rejection  rate  of  1.5';)  was 
replaced  in  the  hopper  and  the  run  was  repeated  twice,  without  changing  of  the  controls.  The 
rejects  from  the  three  passes  were  kept  separate.  Between  the  second  and  third  passes,  the  bed 
was  removed  and  kept  separate. 

Test  Run  No.  7 

Test  run  No.  7  was  performed  with  medium  bulk  density  6A1-4V  Ti  chips  contaminated 
with  tungsten  carbide  particles  and  a  similar  size  assortment  of  tungsten,  molybdenum  and 
tantalum  particles  before  screening.  The  -t '«  in.  portion  of  chips  was  processed  at  a  feed  rate  of 
5  tb/min,  and  airflow  was  adjusted  to  give  a  2';  rejection  rate. 

Test  Run  No.  8 

Test  run  No.  8  was  performed  with  low  bulk  density  (11  tb/ft^)  6A1-4V  Ti  chips  (-t-  's  in.) 
which  were  processed  at  a  feed  rate  of  3  tb/min  and  a  rejection  rate  of 

Test  Run  No.  9 

Test  run  No.  9  was  performed  with  medium  bulk  density  6Ai-4V  Ti  chips  (+  '«  in.)  with  the 
addition  of  4  tb  of  Waspaloy  contaminant  and  no  WC  added  before  screening.  The  chips  were 
processed  at  a  feed  rate  of  5  tb/min  and  a  rejection  rate  of  10';. 

Test  Run  No.  10 

Test  run  No.  10  was  performed  with  high  bulk  density  (41  tb/ft’)  5Al-2.5Sn  titanium  chips 
contaminated  with  tungsten  carbide  particles.  The  -i- '»  in.  portion  of  chips  was  processed  at  a 
feed  rate  of  5  tb/min  and  the  airflow  was  adjusted  to  give  a  2';  rejection  rate. 

Test  results  are  summarized  in  Table  24. 

TABLE  24 

FRANKEL  FLUIDIZED  BED  TEST  RESULTS 


Run 

No. 

Input 

(tb) 

Rejects 

Output 

Good 

(Quality 

(tb) 

Total 

Becorery 

(tb) 

f^SS  1 

(tb) 

Pass  2 
(th) 

.7 

(tb) 

Bed 

(tb) 

\ 

too 

4.6 

4 

87 

96 

2 

100 

,6,0 

1,.6 

1.0 

5 

8,6 

97. ,6 

3 

100 

7.0 

5 

80 

92 

A 

100 

2.b 

4 

92 

98., 6 

5 

100 

1,1 

0,3 

0.12 

4 

93 

98 

B 

100 

1.4 

o.r, 

0.06 

10* 

87 

98 

7 

100 

2.0 

3.5 

94 

99. ,6 

8 

im 

n„6 

4 

9.6 

99. .6 

9 

100 

10.2.6 

4 

83 

97 

10 

100 

2.0 

7 

90 

99 

Red  removed  after  2nd  pass  and  new  bed  established  for  pass. 
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Visual  inspection  indicated  that  the  rejects  of  each  run  contained  WC  particles  in  amounts 
apparently  equal  or  greater  than  that  added  and  additionally  contained  some  nickel-base  alloy 
material,  stones,  pieces  of  wood,  titanium  solids  (narrow  long  pieces)  and  titanium  chips.  Typical 
reject  constituents  are  shown  in  Figure  43.  Visual  inspection  of  the  reclaimed  material  did  not 
reveal  any  foreign  substance. 


Figure  43.  Rejects  from  Frankel  Fluidized  Bed  Test  No.  1  Consisting  of  Hand- 
Picked  Portions  of  Material  Other  Than  Titanium  Chips:  Tungsten 
Carbide  Particles  (Right  Side),  Stones,  Wood  Pieces  and  Other 
Nonmetallic  Particles  (Upper  Left  Side),  Long  Solid  Titanium 
Spears  (Lower  Left  Side),  and  Ni^el  Alloy  Chips  and  Small 
Magnetic  Particles  (Lower  Middle) 


(b)  Conclusions 


X-ray  and  chemical  analyses  are  required  to«anake  firm  conclusions  on  the  efficiency  of  the 
fluidized  bed  separation  method,  since  an  accountability  of  contaminants  added  versus 
contaminants  in  the  rejects  would  be  impractical  and  inconclusive.  Tentative  conclusions  which 
can  be  reached  from  this  data  include  the^rllrwing: 

1.  The  advantage  of  three  pfftessing  cycles  versus  one  processing  cycle  is  not 
clear,  except  possibly  as  a  safety  measure. 
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2.  The  expected  advantage  of'  fines  removal  is  not  clear  and  may  not  he 
justified  due  to  material  losses. 

2.  Some  contaminants  of  low  density,  e.g..  wood,  appear  to  have  physical 
properties  which  enable  their  removal  by  the  tludizied  bed. 

Frankel  conducted  radiographic  inspection  of  separated  fractions,  i.e..  reclaimed  material, 
reject  material  and  bed  material  from  the  series  of  10-test  runs  described  above.  X-ray  results 
were  analyzed  to  determine  the  removal  of  WC  contaminants.  Chemical  analyses  were  condi  cted 
on  a  chip  sample  from  the  run  containing  Waspaloy  contamination.  Based  on  these  results,  four 
test  runs  were  selected  for  further  evaluation.  Reclaimed  material  from  these  runs  were  forwarded 
to  Teledyne-Wah  Chang  for  ingot  melting,  conversion  and  evaluation  identical  to  that  applied  to 
the  six  ferrofluid-separated  samples.  Details  of  this  activity  are  as  follows. 

(3)  Titanium  Separation  Test  —  Radiographic  Inspection 

(a)  Radiographic  Inspection  Procedure 

Samples  of  reclaimed  material  and  rejects  for  all  VVC-seeded  runs  were  radiographically 
inspected.  In  addition,  bed  material  from  a  number  of  runs  was  sampled  and  radiographically 
inspected.  The  reclaimed  material  was  represented  by  an  approximate  10';  saniitle.  while  the 
reject  sample  represented  all  or  a  substantial  portion  of  the  rejects, 

The  X-ray  inspection  of  the  rejects,  processed  or  bed  material  was  performed  by  placing  the 
material  to  be  X-rayed  on  cardboard  trays  measuring  approximately  11  by  14  by  1  in.  Typically, 
seven-to-nine  trays  were  required  for  the  reclaimed  material  sample.  The  cardboard  trays  were 
placed  on  two  sheets  of  X-ray  film,  A  calibration  sample  containing  WC  chips  of  different  sizes 
was  placed  on  top  of  the  chip  tray.  A  double  film  was  used  to  detect  any  possible  film  defect  which 
niay  appear  as  dense  particles.  As  a  result,  two  complete  sets  of  X-rays  were  obtained.  After 
Comparing  the  two  sets,  one  set  was  forwarded  to  P&WA.  Reclaimed  and  reject  material  from 
Run  No.  9.  which  contained  Waspaloy  rather  than  WC  contamination,  was  sampled  and  then 
aqua  regia  leached  to  determine  the  nickel  content. 

(b)  Radiographic  Inspection  Results 

The  X-rays  of  reclaimed  material  revealed  no  dense  particles  in  any  of  the  runs.  A  typical 
radiograph  (from  Run  No.  6)  is  shown  in  Figure  44.  The  radiographs  of  the  reject  material 
indicate  clearly  the  presence  of  dense  particles  as  summarized  in  Table  2.'i.  Radiographs  of  rejects 
for  Run  Nos.  1  and  2  are  shown  in  Figures  4,')  and  46  respectively.  It  may  be  noted  that  the  X-rays 
of  Run  No.  3  rejects  indicate  at  least  131  dense  particles,  considerably  more  than  were  used  to  salt 
the  material  in  the  appropriate  size  range.  This  indicates  that  in  addition  to  the  dense  particles 
added  for  test  purposes,  additional  particles  occurring  naturally  in  the  chips  were  also  removed. 
X-ray  examinations  of  the  bed  material  indicate,  as  expected,  a  high  number  of  large,  dense 
particles  which  because  of  their  size  and  shape  adhere'!  to  the  reject  screen  rather  than  being 
carried  on  he  .screen  to  the  reject  chute.  Radiographs  o(  bed  material  from  Run  Nos.  6  and  8  are 
shown  in  Figures  47  and  48.  These  results  indicate  that  the  fluidized  bed  is  very  efficient  in 
removing  contaminants  of  the  size  ('>0.02.5  in.),  and  concentration  contained  in  these  runs.  A 
radiograph  of  Run  No.  7  rejects  (Figure  49)  shows  many  dense  ['articles.  .Some  of  these  particles 
were  removed  (Figure  .50)  and  identified  by  spectrogra|)bic  analyses.  The  analysis  indicated 
pieces  of  naturally-occurring  titanium,  low-melting  alloy  and  I'ieces  of  added  contaminants 
(tungsten  carbide,  tungsten,  molybdenum  and  tantalum)  The  naturally-occurring  “titanium" 
and  “low-melting  alloy”  contaminants  identified  by  Frankel  in  their  rejects  a|)[)ear  to  be  identical 
to  contaminants  found  in  the  floats  and  sinks  from  the  AVCO  ferrofluid  separation  proce.ss. 
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TABLE  25 

SIZE/QUANTITY  OF  HIGH-DENSITY  MATERIAL  FOUND  IN 
FRANKEL  CO.  REJECTS 


Rejects 

Bed 

(in.) 

(in.) 

Less 

0.080 

0.150 

0.300 

0.150 

0.300 

Run 

Pass 

Than 

To 

To 

To 

Over 

To 

To 

Over 

No. 

No. 

0.080 

0.150 

0.300 

0.500 

0.5tH) 

0.300 

0.500 

0.500 

1 

1 

15 

14 

21 

7 

6 

•2 

1 

10 

1,1 

18 

14 

7 

2 

0 

1 

0 

0 

0 

ft 

0 

0 

0 

0 

0 

;) 

1 

46 

.56 

29 

0 

0 

4 

1 

5 

12 

28 

18 

15 

ti 

1 

0 

0 

10 

2 

2 

2 

0 

0 

0 

0 

1 

ft 

0 

0 

0 

0 

0 

6 

1 

0 

2 

17 

II 

17 

0 

I 

10 

2 

0 

0 

0 

0 

0 

:i 
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0 

0 

0 

0 

7 

1 

1 

9 

19 

20 

5 

2 

B 

16 

ft 

1 

a 

11 

.51 

17 

0 

0 

2 

6 

9 

1 

Nof  X-Raved 

10 

1 

0 

0 

ft 

4 

1 

0 

2 

6 

As  noted  previously,  feedstock  for  all  runs  was  screened  following  seeding  of  contaminants 
and  prior  to  processing.  Material  from  Run  9,  which  was  contaminated  with  4'V  Waspaloy,  was 
analyzed  for  nickel  content  in  order  to  determine  the  degree  of  success  in  removal  of 
contaminants  other  than  WC.  The  reclaimed  material  sample  contained  approximately  O.lS'r 
Nickel,  while  the  rejects  contained  T.O^'i  Nickel.  This  result  indicates  that  the  removal  of  nickel- 
base  alloy  chip  contamination  or  other  similar  chip  contaminations,  while  not  completely 
efficient,  can  be  performed  to  a  reasonably  satisfactory  degree.  It  should  be  noted  that  the 
specification  for  Ti-6Al-4V  material  allows  a  combined  total  of  0.4(KV  nonspecified  element.s. 

Conclusions  as  to  the  relative  merits  of  test  parameters  utilized  in  the  various  runs  are 
difficult  to  make,  since  no  dense  particles  were  delected  in  radiographs  of  the  reclaimed  mater’al. 
Screening  of  the  material  feedstock  prior  to  processing  appears  to  be  desirable  to  eliminate  fines; 
however,  the  mesh-size  employed  must  he  evaluated  in  terms  of  yield  and  economics.  Multiple 
processing  cycles  do  not  appear  to  be  necessary  to  attain  quality,  but  if  economically  viable  may 
still  be  desirable  to  increa.se  process  reliability. 

fcj  Selection  of  Ingot  Melt  Stock 

The  reclaimed  product  of  four  test  runs  was  selected  for  melting  and  subsequent  evaluation, 
and  the  total  quantity  from  each  run  was  sent  to  Teledyne-Wah  Chang  for  melting.  The  same 
detailed  evaluation  was  performed  as  that  applied  to  the  product  of  the  ferrotluid  separation 
melt. 


The  materials  selected  for  ingot  melt  were  from  lluidized  bed  Run  Nos.  1,  2.  and  8,  and 
as  such,  represent  specific  processing  conditions.  Run  Nos.  1  and  2  represent  single-  and  triple¬ 
pass  processing  respectively.  Run  No.  .'i  represents  a  potentially  optimum  condition,  with 
rescreening  of  the  material  prior  to  proce-ssing  plus  triple-pass  processing.  Run  No.  8 
demonstrates  processing  of  a  lower  bulk  density  material  than  other  runs,  which  is  relatively 
abundant  in  the  scrap  market. 
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Figure  49.  Photo-Radiograph  of  “Rejects"  from  Frankel  Run  No.  7  Identified  by  Spectroscopy 
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Figure  50.  Rejects  from  Frankel  Hun  Nti.  7 


3.  P&WA  Evaluation  of  Density  Separation  Processes  (AVCO  Ferrofluid  and  Frankel 
Fluidized  Bed) 

a.  Evaluation  of  Titanium  Separations 

To  complete  the  study,  Ti-base  scrap  that  had  been  artificially  contaminated  and  separated 
by  either  the  AVCO  ferrofluid  density  process  or  the  Frankel  fluidized  bed  separation  process  was 
melted  into  100  lb  ingots,  converted  into  plate  and  evaluated  by  radiography,  chemistry, 
metallography,  particle  analysis  and  mechanical  properties. 

(1)  Melting  and  Conversion  Procedures 

Six  lots  of  ferrofluid  processed  Ti-6A1-4V  chips  from  AVCO  and  four  lots  of  fluidized  bed 
processed  chips  from  Frankel  were  processed  by  Teledyne.  In  order  to  compact  the  chips  into 
briquettes  of  sufficient  strength  for  consumable  melting,  it  was  necessary  to  blend  Ti  sponge  with 
several  lots  (Table  26).  The  chips  were  pressed  into  1-in.  high  by  6'L'-in.  dia  briquettes  and 
electron  beam  welded  into  consumable  electrodes.  Single  vacuum  consumable  melting  at  7(XX) 
amps  resulted  in  9-in.  dia  ingots.  The  ingots  were  lathe  turned,  heated  to  2(X)0°F  and  upset  forged 
to  2-in.  thick  “pancakes.”  These  were  spot  ground,  reheated  to  2(X)0°F  and  rolled  to  '^-in.  thick 
plate. 
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TABLE  26 

TELEDYNE  TITANIUM  MATERIALS 
SUMMARY  (INGOT  MELTING) 


( 'hip 

Snurii’ 

Run  .Vo 

Chip  Wf  •  Ti  Sptinfiv 

(th)  Added  (th) 

AVCO 

6 

Kxr.s 

.AVCO 

9 

111.(1  itfi..'-) 

AVCO 

2:i 

as  .7  4.S 

AVCO 

.SH 

70.0  240 

AVCO 

r>9 

sail  11 

AVCO 

fid 

?R.i>  2-i  t> 

Kraiikf  1 

1 

TOO  2MO 

Krankol 

o 

Tfi.ri  '2'.  r‘t 

Krankel 

n 

HT.O  29  11 

Kranki*! 

H 

9l.(t 

*  Approximalelv  '»  tb  tit 
ronMirnahle  riu'ldng 

chi|>s  used  H>  hoitoni  ti*r 

(2)  Analyses/Results 

Each  rolled  plate  was  t'ully  radiographed  hv  Teled\iie  using  a  double  I'ilm  tei  linniue  in 
protect  against  occasional  film  defects.  I'he  sensitiv  ity  level  was  set  to  detect  a  O.ill  'i m  delei  i 

Table  27  summarizes  the  total  quantity  and  size  ol  high  densitv  inclusions  detected  hv 
radiography  in  each  rolled  plate.  Figure  nl  shows  the  radiographs  o(  two  clusters  o(  high  densitv 
inclus  nns  that  were  not  subsequently  identified  for  composition  These  radiographs  are  tvpieal 
of  the  larger  inclusions  detected. 

AV(''0  had  performed  a  total  of  ()() separation  experiments  during  t  his  cont  ract .  as  described 
earlier.  A\’(’0  Run  No.  6  and  9  are  preliminarv  separniion  runs  at  near  optimum  proei'ss 
parameters.  No.  2'1  was  le.ss  than  optimum  hut  selected  to  tissess  the  effect  of  melting  oti  material 
which  was  highly  contaminated  with  fine  inclusions  .A\'('(f  Hun  No  .oH  through  fit)  were 
processed  at  optimum  parameters  for  low.  high  and  medium  densitv  chips  resputivelv 

Frankel  had  conducted  a  total  of  It)  .separation  experiments  during  this  contract.  Frankel 
Run  Nos.  1  and  2  were  made  at  identical  fluidized  bed  operating  parameters  and  consisted  ot 
single  and  triple  passes  respectively.  Run  No.  .7  was  a  triple  pass  run  made  with  rescreening  after 
lontaminant  seeding;  this  run  is  less  desiraide  for  the  intent  ol  this  contract  (maximum 
reclamation  of  strategic  rnaferialst  than  the  optimum  Frankel  Hun  No.  2  for  medium  densitv 
chips.  Run  No.  8  was  conducted  on  low  densitv  chiiis. 

('ursory  examination  of  Table  27  would  imply  that  AV('(t  separation  experiments  were  less 
effective  in  removing  small  ( •  (>.020  in. )  high  densitv  particle  inclusions;  however,  this 
implication  is  not  correct.  AV('()  contaminant  seeding  contained  many  W(^  “fines"  in  this  size 
range  while  Frankel  seeding  was  of  a  coarser  nature  (see  seeding  ranges,  'rahli  27).  It  aiipears  that 
rescreening  after  contaminant  seeding  iA\'('()  Run  No.  .o8  through  (lO  and  Frankel  No.  .7),  was 
ineffective  in  subsequent  removal  of  contaminant  fines  ('ont.'iminani  removal  was  also  aided  hv 
additional  pa.sses  as  shown  hv  comparison  of  Frankel  Huns  No.  1  and  2. 

In  summary,  based  on  Table  27  data,  it  is  apparent  that  both  separation  processes  are  quite 
effective  in  remi  va|  of  most  o.'  (he  seeded  erintaminanls.  hut  neither  process  demonstrated 
com[)lete  particle  removal  during  this  study 
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TABLE  27 
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Based  on  severe  reductions  in  component  fatifrue  life  in  lioth  lahoratorv  and  service 
experience  that  were  attributed  to  high  density  inclusions.  P&WA  Materials  C'lintrol  will  not 
permit  any  such  inclusions  in  highly  stressed  components,  therefore,  t  he  cpiant  ity  ol  high  density 
inclusions  detected  in  rolled  plate  <»f  both  separation  processes  (Table  27).  although  small  in 
cumulative  number,  are  still  unacceptable  by  P&WA  standards.  However,  there  is  strong 
evidence,  to  be  discu.s.sed  later,  that  either  of  these  separation  processes  in  combination  with  a 
nonconsumable  melting  process  c<utld  effectively  remove  all  high  density  inclusions. 

(h)  Chemical  Analysis 

Complete  chemical  analysis  was  obtained  from  the  top  and  bottom  of  each  ingot  by 
Teledyne.  P&WA  performed  complete  chemical  analysis  of  each  rolled  plate  fabricated  from 
these  ingots.  Chemistry  data  for  both  AVCO  and  Frankel  separation  processes,  as  applied  to 
medium  density  chips,  are  given  in  Table  2fi,  and  as  applied  to  both  low  and  high  density  chips, 
in  Table  29.  A  review  of  both  chemistry  tables  indicates  consistent  correlation  between  the 
subcontractor  and  the  P&WA  analyses. 

Tables  28  and  29  show  that  oxygen  contamination  prevails  in  all  cast  ingots  and  in 
converted,  rolled  plate  fabricated  from  both  AVCO  and  Frankel  seitarated  chips.  Contamination 
by  oxygen  was  consistently  noted  in  all  raw  material  scraji  chips,  and  as  discussed  earlier  can  be 
attributed  to  prior  processing  (i.e.,  heat  treatment,  machining).  .Since  the  separation  proce.sses 
evaluated  do  not  presently  include  surface  conditioning,  no  improvement  in  oxygen  contamina¬ 
tion  level  was  anticipated.  An  appropriate  pickling  operation  could  reduce  this  r)xygen 
contamination  for  both  processes. 

There  is  evidence  of  Fe  contamination  exceeding  the specification  maximum  in  AVCO 
medium  and  low  density  chip  separations.  The  raw’  material  .scrap  chips  utilized  in  this  program 
(Table  101  contained  evidence  of  iron  contamination  (0.18  to  O.hl'i  Fe)  after  magnetic  scrap 
separation.  A\'C0  subsequently  seeded  1.6'7  Fe  in  their  chips  (in  the  form  of  AlSl  204  stainless) 
before  {rerforming  (heir  ferrofluid  .separation.  The  range  of  Fe  content  (0.19  to  0.24'^i)  after 
separation  and  ingot  melting/conversion  slightly  exceeds  the  specification  maximum.  This 
indicates  (hat  AV'CO  was  reasonably  effective  in  reducing  the  combined  natural  and  artificial 
(seeded)  Fe  contamination,  but  not  completely  effective.  Frankel,  using  the  same  naturally  Fe- 
contaminated  raw  material  chips,  effectively  attained  the  Fe  specification  level  after  separation 
and  ingot  melting/conversion.  However,  since  Frankel  did  not  artificially  seed  with  Fe 
contaminant,  their  separation  requirements,  with  respect  to  Fe,  were  less  severe  than  those  of 
AWO. 

The  mild  deviation  in  V  content  (2.40'  i  analyzed  vs  2..50''<  specification  minimum)  found  in 
the  ingot/converted  plate  fabricated  from  the  high  density  chips  (AVCO  Run  No.  ,59)  was 
expected  since  the  raw  material  used  in  this  separation  was  slightly  deficient  (2.49';)  in  V 
content. 

In  general,  and  from  an  ingot  melter's  viewpoint,  all  aforementioned  deviations  in 
chemistry,  both  elemental  and  interstitial,  could  be  considered  acceptable  for  remelting  by 
blending  with  less  than  .50';  virgin  raw  materials. 

(cl  Mctallographic  Analysis 

Figures  .52  and  .52  are  photomicrographs  showing  typical  microstructures  taken  in  the 
longitudinal  direction  of  the  rolled  plate  product  fabricated  from  medium  density  raw  material 
chips  after  the  AVCO  and  Frankel  .separation  proce.sses,  respectively.  Likewise.  Figure  .54  shows 
typical  longitudinal  photomicrographs  of  rolled  plate  product  fabricated  from  both  low  and  high 
density  raw  material  chips  after  the  separation  processes. 
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TABLE  28 

CHEMISTRY  OF  TITANIUM  ROLLED  PLATE  FROM  MEDIUM  DENSITY  CHIPS 


TABLE  29 

CHEMISTRY  OF  TITANIUM  ROLLED  PLATE  FROM  LOW  AND  HIGH 

DENSITY  CHIPS 
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A  VCO  Plate  No.  5H 
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For  25.6' i  Sponge 
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-  0<KI7 

■  0,001 

■  0.10 
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TABLE  ,30 

ANALYSIS  OF  TITANIUM  CHIP  RAW  MATERIALS 
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Avco  No.  6 

Etchant:  Krolls  Reagent 


Mag  200X 


Avco  No.  9 

Etchant:  Krolls  Reagent 
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Low  Density  Avco  No.  58 
Etchant:  Krolls  Reagent 


Mag  200X 

Low  Density  Frankel  No.  8 
Etchant:  Krolls  Reagent 
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High  Density  Avco  No.  59 
Etchant:  Krolls  Reagent 

FD  171666 

Fifiurv  54.  I’hotumirrographs  of  Rolled  fHate  Fabricated  from  Derjsity 
Separation-I^rocesxed  Low-  and  High-Density  Titanium  Chips 


136 


Analysis  of  these  microstructures  show  transformed  beta  with  elongated  alpha  platelets  and 
prominent  prior  beta  grain  boundaries.  These  structures  are  caused  by  fabricating  above  the  beta 
transus  level  of  the  Ti  alloy  and  would  be  unacceptable  to  P&  WA  .standards  for  critically  stressed 
rotating  components.  The  reported  Teledyne  forging  and  rolling  process  parameter  of  2000°F  was 
responsible  for  this  structure. 

(d)  Particle  Analysis 

Based  on  the  quantity  of  high  density  inclusions  detected  by  radiography  of  the  rolled  plate, 
P&WA  selected  several  representative  inclusions  for  subsequent  metallographic  and  electron 
microprobe  analysis.  Specific  inclusions  selected  for  this  study  are  identified  in  Table  27. 

The  original  radiographs  were  utilized  to  crudely  locate  the  inclusion  in  the  rolled  plate,  and 
the  suspect  area  was  sectioned  and  radiographed  a  second  time  to  accurately  locate  the  particle. 
After  metallographic  sectioning  to  expose  the  particle  and  documentation  (light  metallography), 
the  particle  composition  was  identified  by  X-ray  energy  spectroscopy  using  the  electron 
microprobe.  In  this  identification,  both  secondary  electron  image  photographs  (to  show  surface 
topography)  and  backscatter  electron  image  photographs  (atomic  number  analy.ses)  were 
obtained. 

Table  31  summarizes  the  identification  of  particles  that  were  analyzed  as  typical 
radiographic  high  density  inclusions  in  the  rolled  plates.  vSuhsequent  metallographic  analy.ses 
revealed  four  particles  of  lower  densitv,  and  these  oarticles  were  identifed  and  included  in  Table 
31. 


Figures  55  through  61  show  light  and  electron  photomicrographs  and  radiographs,  where 
applicable,  of  these  inclusions.  Figures  62  through  68  show  X-ray  energy  spectroscopic  data  (from 
the  scanning  electron  microprobe)  used  to  identify  inclusion  elements. 

TABLE  31 

IDENTIFICATION  OF  FOREIGN  PARTICLES  DETECTED  IN 
ROLLED  PLATE 


Rolled  Plate _ Particle  Photo  Microprobe  Data _ Remarks 


AVCO  No.  6 

Figure  ,5,5 

Figure  62 

(1) 

Titanium -rich  inclusion, 
many  laminations 

AVCO  No.  6 

Figure  56 

Figure  6,5 

(1) 

Titanium-rich  inclusion 

(2) 

A!  and  Mp-rich  inclusion 

(5) 

Ti-rich  inclusion  with  Mo. 
Sn,  and  Al 

AVCO  No. 

Figure  57 

Figure  64 

(I) 

Cb-rich  inclusion  with  Hf. 
Ta  orW 

AVCO  No.  60 

Figure  58 

Figure  65 

(1) 

WC  cluster  inclusion 

AVCO  No.  60 

Figure  69 

Figure  66 

(1) 

WC  cluster  inclusion 

Frankel  No.  1 

Figure  60 

Figure  67 

(1) 

Ta  wire  inclusion 

Frankel  No.  H 

Figure  61 

Figure  68 

ID 

WC  inclusion 
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Longitudinal  View  (Krolls  Etch)  Mag  15X 


FD  171667 


Figure  55.  Foreign  Particle  Found  in  A  VCO  No.  6  Rolled  Titanium  Plate  Type 
Two 
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Mag  100X 

(Krolls  Etch) 


S«e  Particle 
Enlargement 
Above 


Mag  8X 

Longitudinal  View  (Kroll*  Etch) 

FD  171668 


Figure  5.5.  Foreign  [’article  Found  in  A  V('<>  /Vo.  fi  Foiled  Titanium  I’late  Type 
Tiro  (Continued) 
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See  Particle 
Enlargement 
Above 
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Mag  100X 
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Mag  100X 

Sacondary  Electron  Image 


Mag  lOOX 

Backscatter  Electron  Image 


FO  168213 
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Mag  100X 

Top  View  (Krolls  Etch) 


See 

Above 

Mag  10X 

Radiograph  (Top  View) 

FD  171571 

Figure  5H  Cluster  uj  Fiireiftn  I'nrlieles  Fuund  in  A  VCO  X<k  60  Hulled  Titanium 
Flute 
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T ransverse  V lew 
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Secondary  Electron  Image 


Transverse  View  (Krolls  Etch)  Radiograph  (Top  View) 
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Backsc«tt«r  Electron  Image 
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Secondary  Electron  Image 
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Figure  63.  Inclusion  and  Matrix  Microprobe  Data  from  AVCO  No.  6  Rolled  Titanium  Plate 
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Accelerating  Voltage  =  15  kv 

Count  Time  =  30  sec 


WC  Inclusion  1  I  Matrix 


Inclusion  and  Matrix  Microprobe  Data  from  AVCO  No.  6()  Rolled  Titanium  Plate 


Accelerating  Voltage  =  15  kv 


sjunoQ  ■  Ajisuaiui 


.  i 

’■s 


156 


Figure  67.  Inclusion  and  Matrix  Microprobe  Data  from  Frankel  No.  I  Rolled  Titanium  Plate 


WC  Inclusion  I  Matrix 


Inclusion  and  Matrix  Microprobe  Data  from  Frankel  No.  5  Rolled  Titanium  Plate 


(ej  Mechanical  Ih-opertie.s 

Tensile  specimens  (0. 190-in  dia  by  1..1-in.  length  I  were  tested  according  to  AS7'M 
specifications.  Notched  stress-rupture  test  specimens  were  machined  according  to  AMS 
specification  with  a  notch  root  diameter  of  0.178  in.  and  a  root  radius  of  0.(K)6  in.  A  load  was 
applied  to  produce  a  stress  of  170  ksi. 

Room  temperature  tensile  and  stre.ss- rupture  data  are  tabulated  in  Table  82  for  both  AVCO 
and  Frankel  fully  heat-treated  rolled  plates.  In  general,  the.se  data  show  tensile  strength  levels, 
both  ITS  and  YS,  exceeding  specification  minimums  and  ductility,  both  ‘i  El  and  'iRA,  below 
specification  minimums.  Likewise,  notched  stress-rupture  minimum  lives  are  often  below 
specification  requirements. 


TABLE  32 

MECHANICAL  PROPERTY  DATA  OF  TITANIUM  ROLLED  PLATE 


rWA 

Spec 
fSlin ) 

.41 'CO 

Frcinkel 

.Vo  6’ 

Sn.  9 

,Vo  ■>:! 

\o 

.V,)  ,5.0 
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\o  / 

Sii  2 
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142  0 
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140.7 

r  rs  iksi'i 

15)6.0 

17471 

154.0 

171.2 
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I4:i  2 

1  18,8 

i:i4  :> 

140  2 
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17‘>.2 
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Hk).0 
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1:14, fi 
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d,:".  Vs 
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14.''i.7 

149.:i 

1R8.8 
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IfiO.O 

150.H 

i:i4  7 

i:l9  4 
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1  :i2  1 

(ksll 

UO.T 

149.:l 
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150.5 

lfi.7..7 

160.2 

1.56,0 

142  1 

1 28  .4 

i:ii  7 

r.'fi.T 

147.fi 

172.0 

150  5 

I6;t.9 

IfiO  4 

i:lfi.2 

i:i9  4 

129,0 

1:12,.7 

KlcinK«tiiin 

10 

2.6 

r2.;i 

8.0 

II. 7 

10.0 

1 1  ..'1 

II  0 

12,2 

7,7 

9,4 

('-) 

2.6 

10.1 

8.0 

11.0 

10,8 

10  4 

12,2 

12.0 

8,4 

11.7 

(!.') 

11.2 

2.8 

ll.fi 

8.7 

12.8 

9  5 

i5’.4 

8  2 

9.4 

Kate  Avernge 

2f, 

2.7 

:il.7 

12.5 

27.fi 

22. :l 

:i7,9 

21,1 

22.8 

24  7 

•) 

1'. ) 

4.."> 

27.9 

14.0 

2.'1..7 

24.2 

40,4 

l:i,2 

22,8 

20.8 

24.2 

- 

2.''..S 

fi.2 

28.0 

22-0 

:ii  7 

21,4 

22,9 

19.0 

17. ;i 

KT  Notched  S/R" 

Hr  life  at  170  ksi 

6,0 

2.7.0 

0.0 

25.0 

0.1 

2.7.0 

11:1.0 

ii:i.o 

20.0 

25.0 

0  r 

fiS.O 

0.0* 

88.0 

0.2* 

8>1,0 

25.0 

25,0 

0.0 

25.0 

‘Retest  at  160  ksi 

**'  I  Hr  =  Failure 

•5  Hr  *  Teat  Discontinued 

There  are  several  pertinent  factors  that  have  adversely  affected  ductility  in  this  program, 
namely  forging/conversion  procedure  and  heat  treatment  conditions.  Forging/conversion  pro¬ 
cedure  was  conducted  at  2000°F  which  is  clearly  above  the  beta  transus  level  (Figures  ,'i2  through 
54).  This  factor  will  increase  strength  while  seriously  reducing  ductility.  Following  the 
forging/conver-sion  procedure,  the  L-in.  thick  plate  was  heat-treated  to  the  .specification 
conditions  (solution  +  quench  +  age)  used  for  large,  highly  stressed  components,  llnfortunately, 
the  high  quench  rate  imposed  on  the  relatively  thin  plate  tends  to  increase  the  agin,;  response 
leading  to  a  decrease  in  ductility.  Minor  influences  on  properties  may  have  resulted  during 
melting  procedures  (i.e.,  sponge  Ti  additions  without  compensating  alloy  addition)  which  could 
adversely  affect  stress-rupture  properties. 
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(3)  Conclusions  —  Titanium  Separation  (Phase  I) 

1.  Both  separation  processes  (ferrolluid  and  Huidized  Iredl  appear  equallv 
effective  in  removal  of  most  contamination,  but  neither  process  can 
presently  remove  all  contamination. 

2.  .Any  high  interstitial  or  residual  elements  can  be  diluted  to  specification 
level  by  less  than  HO'i  virgin  addition. 

.1.  Both  separation  proces.ses.  as  evaluated,  result  in  a  chip  product  containing 
minor,  but  unacceptable,  levels  of  high  density  particles. 

4.  The  unacceptable,  retained  high  density  particles  shtnild  be  completely 
removed  by  a  sub.sequent  nonconsumable  process.  This  Electron  Beam 
melting  conclusion  is  ba.sed  on  nonconsumable  melting  data  generated 
during  a  previous  Air  Force  Contract  (Rotating  Electrode  Melting). 

(4J  Review  of  Supplementary  Data 

Analyses  were  made  on  particles  that  were  retained  in  the  separated  recovered  floats  of 
AVCO  Run  No.  42,  58,  59,  and  60.  These  particles  had  densities  similar  to  that  of  the  titanium 
scrap  being  processed  and  thus  were  not  removed  during  the  ferrofluid  process.  The  particles  were 
located  by  radiography,  manually  removed  from  the  chips  and  chemically  identified.  Specific 
identification  of  the  particles  is  shown  in  Table  55. 

Titanium  analyses  were  made  to  determine  the  relative  amount  of  Ti  chips  that  are 
misclassified  and  disposed  of  as  sinks  in  the  AVCO  process.  Data  are  given  in  Table  54.  Results 
show  that  the  majority  of  Ti  chips  are  recovered  in  the  floats  and  onl\'  a  small  amount  ( 1  -5'  < )  were 
misclassified  and  disjxtsed  of  as  sinks. 

Sinks  from  AVCO  Run  No.  270  (i.e..  light  density  contamination  separation  tests)  seeded 
with  4.5  lb  of  A1  turnings  marginally  exceeded  the  6.75',  A1  maximum  specification  level  by 
analyzing  as  6.9'<  Al.  In  cttmparison.  unseeded  Run  No.  271  cimtained  6.6',  Al.  These  results 
imply  that  Al  separatittn  was  very  effective,  but  complete  Al  separation  was  not  attained, 

TABLE  33 

COMPOSITION  OF  RETAINED  PARTICLES  IN 
AVCO-SEPARATED/RECOVERED  FLOATS 


AV(’()  Run  So. 

Rrf  Fif’urr  So 
of  lR-162  1  IV 

Chemical  Analysis 

Remarks 

4'.' 

It 

l*b  base  *  Sb  *  Vc  •  Ti 

Pornus,  low  melt ini: 
“type'"  nlIo\-  used  for 
fixturint: 

."W 

17 

Ti  base  *  Sn  •  Zr  •  Al 
*  Ke  • 

pttroii'i  ol  1  i  fiase 

n9 

18 

Zr 

porous  sla^  of  Z,r 

60 

19 

Ti 

Sf>Iid  chunk  r»f  Ti 
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TABLE  34 

LEVEL  OF  MISCLASSIFICATION  IN  AVCO 
TITANIUM  SEPARATIONS 


.-i  vco 

Run  No. 

Total  Weight 
Chips  Ih’ovessed 
(W) 

Total  Rejected  Sinks 

Ti  Misclassification 

Seeded 

Contaminant 

(fh) 

Ti  Chips 
(tb) 

(  '  -«> 

('■;> 

fi 

241.6 

n.4 

4.7 

1.9 

9 

2.52.6 

11.1 

i:i..5 

5,4 

179.9 

4.2 

(i.5 

4.0 

.w 

67.9 

1.8 

0.5 

0.7 

.59 

UW.O 

•2-9 

4.1 

4.0 

60 

95.5 

2.M 

2.4 

b.  Evaluation  of  Superalloy  Separation 

Waspaloy  scrap  that  had  been  artificially  contaminated  with  lead  shot  and  Ti  alloy  turnings 
and  separated  by  the  AVCO  ferrofluid  process  was  melted  into  50  lb  ingots,  converted  into  bar 
and  evaluated  by  NDl,  chemistry,  metallography  and  mechanical  properties. 

(1)  Melting  and  Conversion  Procedures 

Two  lots  (Run  Nos.  102  and  104)  of  Avco  ferrofluid  processed  Waspaloy  chips  were  button 
melted  and  analyzed.  A  50-tb  vacuum  induction  melt  was  made  and  cast  into  an  electrode  from 
each  lot  using  standard  Teledyne  Allvac  melting  procedures  for  Waspaloy  revert.  An  analysis  for 
carbon  was  performed  during  the  melt  with  carbon  add 'ions  being  made  to  bring  the 
concentration  of  this  element  up  to  the  desired  level. 

The  cast  electrodes  were  conditioned  and  vacuum  consumable  arc  remelted  into  4-in. 
diameter  ingots.  The  ingots  were  2100°F  homogenized  and  forged  to  2‘  t  in.  square.  The  billet 
ends  were  cut.  macrttetched  and  cleaned.  The  forged  billets  were  rolled  to  a  '  i-in.  dia  bar  which 
was  then  straightened,  centerless  ground  and  etched  in  preitaratinn  for  Zyglo  and  ultrasonic 
inspection. 

(2)  Analyses/Results 

(a)  Nandestnu'tivc  Inspection 

Fluorescent  penetrant  inspection  by  Teledyne  detected  minor  mechanical  surface  defects  on 
the  centerless  ground  bar  which  were  subsetiuently  removed  by  spot  grinding.  Conventional 
Teledyne  ultrasonic  inspection  of  the  centerless  ground  bar  to  a  2/R4-in.  dia  flat  bottom  hole 
standard  revealed  no  internal  defects. 

(h>  Chemical  Analysis 

Complete  chemical  analysis  was  obtained  by  Teledyne  from  the  separated  chips  at  the 
bottom  {)f  both  cast  electrodes,  and  also  from  the  top  and  bottom  of  both  forged  2'  i-in.  square 
billets.  P&VV.A  performed  complete  chemical  analysis  of  both  rolled  'i-in.  dia  bars,  and  these 
data  are  [tresented  in  Table  .35.  A  review  of  these  data  indicate  consistent  cornlation  between 
subcontractor  and  F^&VV’A  analyses. 


160 


Both  Waspaloy  chip  runs  were  seeded  with  4.65‘i  of  Pb  and  4.65'i  of  Ti-r)Al-2.5Sn 
contaminants  prior  to  the  ferrofluid  separation.  Analyses  of  Table  H.')  data  indicates  that 
complete  removal  of  Pb  contaminant  was  attained  during  separation,  but  that  some  Ti 
contaminant  was  retained.  The  analyzed  range  of  Ti  content  (2. .'10  —  3.68';)  consistently 
exceeded  the  specification  maximum  of  3.25';.  This  Ti  increase  cannot  be  attributed  to 
contaminated  raw  material  chips  which  analyzed  as  2.80-3.(X)'(  Ti. 

These  data  (Table  35)  indicate  an  appreciable  but  incomplete  removal  of  Ti  seeded 
contaminant  during  the  separation  process  of  both  runs.  The  ingot  melter  expressed  an  opinion 
that  Waspaloy  chips  with  the  relatively  minor  excess  of  Ti  found  in  these  runs  could  be  utilized 
in  production  melting  with  appropriate  dilution  by  other  raw  materials. 

(c)  Metallof>raphic  Analysis 

Typical  microstructures  of  Waspaloy  rolled  bar  fabricated  Irom  A\’(’()  separated  chips  are 
shown  in  Figure  69  photomicrographs.  Microstructures  of  both  sei)aration  runs  (Nos.  102,  104) 
appear  identical  with  no  defects  or  irregularities  noted.  An  interesting  observation  is  the  fine, 
uniform  grain  structure  (ASTM  10-111  of  the  rolled  bar  as  evidenced  in  both  longitudinal  and 
transverse  microsections.  The  desirable  fine-grained  structure  ini|)lies  a  high  degree  of  controlled 
work  was  apitlied  during  the  conversion  and  rolling  operations. 

(d)  Mechanical  [‘rnperttes 

Tensile  specimens  (0. 190-in.  dia  by  l..3-in.  giige  lengthi  were  tested  according  to  ASTM 
specifications.  .Smooth  (().r25-in.  dia  by  1-in.  gage  lengthi  itnd  notched  (0.178-in.  notch  root 
diameter  by  0  (K)6-in.  root  radius)  were  machined  according  to  AMS  specification.  A  load  was 
applied  to  produce  a  stress  of  80  ksi  at  13.50' h'.  Room  iind  elevated  temperature  tensile  data  and 
stress-rupture  data  are  tabidated  in  Table  .3()  for  A\'r()  full>'  heat-treated,  rolled  bars. 

.A  review  of  these  data  shotved  that  room  and  lOOO^F  elet  att'd  tenifterature  tensile  data  as 
well  as  13.50°F  notched  stress-rupture  data,  all  exceeded  Waspaloy  specification  minimvims. 
'['here  were  several  instances  of  13.5()°Fsmooth  stress -rupture  life  and  ductility  that  did  not  attain 
specification  minimums.  Reduction  in  these  properties  is  consistent  with  I’&WA  Waspaltty 
experience  that  fine  grain  tends  to  increase  room  and  elev  ated  temperature  tensile  strength  while 
reducing  ductilities.  Wasitabiy  fabricated  in  this  jirogram  had  an  extraordinarily  homogeneous 
fine  grain  size  which  could  readily  inlhieiuc  ductiliiv  and  smooth  stre.ss  ruiiture  lives. 

(3/  Conclusions  ~  Waspaloy  Separation  (Phase  If 

'v\'aspal(/v  Separation,  [’base  I  conclusions  are. 

1.  '['he  AVrO  ferrofluid  sepanition  process  is  very  effective  in  removing 
objectionable  high  density  materials,  such  as  lead,  from  su[)eralloys. 

2.  1  he  AV('()  ferrolluid  se|)aration  process  is  capable  of  removing  most,  but 
not  all.  of  the  Fi  contaminant  in  Waspaloy. 

3.  Process  acceptability,  therefore,  is  dejtendent  upon  practical  virgin  dilution 
reijuirements  to  attain  melt  specification  chemistrv  .  Acceptability  vvoiild 
appear  likely,  since  about  a  three-to-one  dilvition  in  melting  of  a  given  raw 
material  wovild  be  the  miximum  .uceptable  limit  tor  production  melting. 

4.  Although  partial  success  was  noted  in  AV('()  laboratory  seitaration  between 
mixed  superallovs  (only  INCO  iKtl  was  separable  from  .A-2,86,  I\('()  718. 

INTO  901  and  Waspaloy  mix),  it  is  unlikely  that  present  commercial  scale 
terrotluid  separation  between  superallovs  can  be  ctfectively  attained. 
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TABLE  36 

MECHANICAL  PROPERTY  DATA  OF  WASPALOY 
ROLLED  BAR 
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Spvc  fXfin) 

AVCO  Hnr 
.V»  HI-’ 
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12 
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II), 1 
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N'cXclied  I.ife  (hr)*' 

Smoot  h 

.■>0(1 

49.0 

87  4 

Ktl  4 

•  rested  to  Failure 

“•Test  Discontinued 

(4)  Review  of  Supplementary  Data 

Analyses  were  made  to  determine  the  relative  amount  of  Waspaloy  chips  that  are 
misclassified  and  disposed  of  as  floats  diirint;  removal  of  “lights."  and  as  sinks  during  removal  of 
“heavies."  Data  presented  in  Table  37  shows  that  the  original  addition  of  light  (Ti-5Al-'2..''Sn) 
and  heavy  (Pb)  seed  contaminants  to  the  entire  lot  of  Waspaloy  chii)s  for  subsequent  portioning 
into  test  runs  caused  some  degradation  of  seed  contaminants.  In  effect,  a  higher  ratio  of  seed 
contaminants  was  retained  in  the  final  chip-plus-contaminant  runs  than  in  the  earlier  runs. 
These  data  indicate  that  for  effective  superalloy  separation,  roughly  an  equal  weight  of  Waspaloy 
chips  and  ,seeded  contaminants  must  be  removed.  Al.so,  there  is  evidence  that  a  higher  level  of 
Waspaloy  misclassification  occurred  during  removal  of  heavies  than  during  removal  of  lights. 


TABLE  37 

LEVEL  OF  MISCLASSIFICATION  IN  AVCO  WASPALOY  SEPARATIONS 


Total  Rejected  Floats 

Waspaloy  Misclassification 

Total  Weight 

Seeded  Contaminant 

'  Waspaloy  Chips  Rejected  \ 

V  Waspaloy  Chips  Total  / 

AVCO 

Chips  f*r(H't’ssvd 

(Ti-li  A12  Sn) 

Wa.ipalo\  Chips 

Run  .Vo, 

(tb) 

nh) 

(th) 

(0) 
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180.T 

2  2 

2.9 

1.6 
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1.0 

19 
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:i:i 

.ya 

fvO 

10.S 

99.0 

4  4 

4.4 
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16.7 

16  7 

18.7 

Total  Rejected  Sinks 

Seeded  Contaminant  (Pb) 

Waspaloy  Chips 

(th) 

(th) 
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16a..6 

.'>1 

16.2 

9.8 

io:i 

109.8 

MO 

12.9 

U.l 
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9,'i6 

M.2 

H.8 

9.2 

10.S 

80.6 

M.O 

8.7 

10.8 

lltO 

10.4 

8.2 

l.'1.2 

(5)  Separation  of  Mixed  Superalloys 

An  experiment  was  conducted  to  determine  the  capability  of  the  AVCO  ferroHuid  process  to 
separate  one  superalloy  from  another,  specifically,  superalloys  A286  (Tinidur),  INCO  901.  1N('0 
718  and  Waspaloy.  Flotation  characteristics  were  investigated  in  a  small  AVCO  laboratory 
magnet.  Although  these  alloys  differ  only  slightly  in  true  density,  it  was  postulated  that  the 
differences  in  the  magnetic  properties  of  the  various  alloys  might  permit  a  separation  according 
to  an  effective  magnetic  density.  Pertinent  data  are  given  in  Table  38. 

The  magnetic  contribution  to  the  apparent  density  of  the  material  is  given  by: 

f<H-l  HaH 

-  - - — 

4?r  g 

where 

=  increase  in  apparent  density  (g/cm’l. 

H  =  magnetic  field  level  (oersted). 

AH  -  magnetic  field  gradient  (oersted/cm), 

g  =  acceleration  of  gravity  (cm/sec^). 

Calculations  of  A^),„  and  the  effective  density,  of  the  material  based  on  the  handbook  values 
of  permeability,  the  predicted  magnet  properties  for  AVCO's  large  magnet  (H  =  5000  oe  and  AH 
=  200  oe/cm)  and  the  small  laboratory  magnet  (H  =  .5000  oe  and  AH  =  500  oe/cm)  are  listed  in 
columns  3,  through  6  of  Table  38.  These  values  indicate  that  sink-float  separation  may  be 
possible  between  certain  components  and  that  separability  is  enhanced  by  a  high  magnetic  field 
gradient. 
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TABLE  38 

MAGNETIC  PROPERTIES  OF  SELECTED  SUPERALLOYS 


Flotation  tests  were  done  at  a  high  magnetic  field  gradient  to  maximize  the  expected 
density  differences.  The  results  in  column  10  of  Table  .IS  do  not  agree  well  with  the  calculated 
data.  A  possible  explanation  is  that  the  permeability  is  a  strong  function  of  the  magnetic  field 
strength  and  that  data  for  200  oe  do  not  apply  for  5000  oe.  Consequently,  the  permeabi’ities  of  the 
materials  were  measured  at  5000  oe  (column  7,  Table  58).  These  values  of  permeability  were 
much  smaller  than  handbook  values  although  still  not  in  agreement  with  calculated  effective 
densities  of  the  materials  (columns  8  and  9,  Table  .58).  Empirical  observations  of  tbe  materials  in 
the  magnet  gap  at  a  field  strength  of  about  .5000  oe  confirm  that  the  material  requiring  the  highest 
ferrofluid  density  to  float,  INCO  901,  is  most  strongly  attracted  to  the  magnet  poles.  It  is  likely 
that  the  permeability  data  for  SCKX)  oe  is  in  error. 

It  appears  that  INCO  901  may  be  separable  from  the  other  superalloys  using  the  high 
intensity,  laboratory  scale  magnet.  Separation  of  other  superalloys  was  not  successful.  Since 
separation  capabilities  with  this  laboratory  magnet  were,  therefore,  limited,  and  the  commercial 
scale  magnet  would  provide  a  smaller,  useful  gradient  and  further  reduce  separation  capabilities, 
it  was  decided  to  terminate  further  studies  ol  separations  between  superalloys. 

C.  FRANKEL  COMPANY  MOLTEN  SALT  CHEMICAL  PURIFICATION  PROCESS 

1 .  Background 

Molten  salt  baths  are  commonly  used  in  the  heat  treatment  and  surface  treatment  of 
superalloys.  Ordinarily  these  baths  contain  metal  hydroxides,  chlorides  and  other  compounds  in 
various  vendor  proprietary  mixes.  A  molten  salt  bath  chemical  process,  co-develnped  by  Frankel 
and  an  affiliate  company  was  being  investigated  for  purification  of  nickel-base  superalloy 
grindings  and  sludges.  The  process  was  evaluated  for  its  potential  to  reclaim  segregated  grindings 
for  subsequent  melting.  The  highest  potential  for  recovery  of  sludges  by  this  process  would  be  a 
pure  multielement  master  alloy.  The  molten  salt  purification  process  has  been  demonstrated  to 
be  efficient  on  a  small  scale  hut  has  not  been  evaluated  under  full-scale  industrial  conditions. 

In  limited  experimental  work,  the  Frankel  Company  had  flame-heated  superalloy  grindings 
and  sludges  pa.ssing  the  resultant  gases  through  a  molten  salt  hath  to  remove  combined  water,  oil 
and  other  organic  substances.  The  molten  salt  directly  and  catalyticallv  converts  carbon  and 
sulfur  base  compounds  without  the  generation  of  maior  polluting  gas  or  liquid  residues  which 
would  be  encountered  in  other  proce.sses.  The  product  effluent  from  the  molten  salt  system  is  a 
dry  particulate  substance  containing  metallic  and  inorganic  compounds,  especially  grinding 
media.  These  inorganic  particles  can  be  separated  from  the  metallic  particles  by  gravity 
.separations  similar  to  the  ones  utilized  in  the  ore  industry.  The  thus  purified  metal  particles  are 
sufficiently  pure  to  he  renielted  in  furnaces.  In  cases  of  certain  metallic  sludges  where  the  metallic 
content  (mainly  nickel  content)  is  in  oxide  form,  these  oxides  can  be  reduced  to  metallic  form  in 
regular  smelting  furnaces. 

The  system  was  originally  conceived  as  an  improved  method  to  dispose  of  common 
municipal  waste  products.  Conventional  (own  procedures  of  incineration  have  always  generated 
undesirable,  noxious  combustion  products.  Combined  citizen  and  gmernment  concern  for 
ecology  and  health  standards  recently  resulted  in  rigid  incineration  controls  which  often  declare 
this  mode  of  disposal  illegal.  F,m)ihasis  has  been  shifted  to  landfill,  land  reclamation,  ocean 
dumiiing  and  composting. 
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The  molten  salt  system  offers  the  advantages  of  incineration  without  the  production  of 
noxious  stack  gases.  These  advantages  include; 

1.  90' (  weight  reduction  to  inert,  mineral  ash 

2.  Reclamation  of  metals  and  gla.ss 

H.  Reclamation  of  organic  materials  by  (iperation  as  a  pyrolysis  unit  (i.e., 
nonoxidizing  environment) 

4.  Heat  production/reclamation  for  heating  or  power  generation. 

The  molten  salt  bath  process  also  offers  the  advantage  of  low  capital  investment.  It  was 
chosen  for  the  program  because  it  is  a  relatively  simple  single  step  operation  and  was  one  of  the 
few  alternatives  to  economical  processing  of  grindings  and  sludges. 

An  incinerator  may  he  considered  a  chemical  reactor  whereby  materials  are  primarily 
combined  with  oxygen.  As  in  most  reactions,  the  efficiency  can  be  increased  with  a  catalyst. 
Conventional  catalysts  are  finely  divided  solids  that  need  large  surface  exposures  and  redundant 
systems.  Since  a  liquid  theoretically  has  an  infinite  surface,  a  liquid  catalyst  would  he  more 
efficient  than  conventional  solid  catalysts  which  have  limited  life  due  to  surface  poisoning. 
Liquid  salt  serves  as  the  inexpensive  liquid  catalyst  in  this  process.  The  salt  is  thermodynamical¬ 
ly  stable  and  appears  to  have  a  relatively  unlimited  service  life. 

2.  Description  of  Process 

A  schematic  drawing  of  the  molten  salt  system  is  shown  in  Figure  70.  The  system  consists 
essentially  of  a  ‘‘reaction  chamber”  inner  box  floating  upon  a  bed  of  molten  salt  that  is  confined 
within  an  outer  box.  Metal  grindings  and/or  sludges  are  poured  into  open  trays  and  the  trays 
placed  into  the  inner  box  (Figure  70).  Incineration  is  initialed  by  ignition  of  the  gas  burner 
located  at  the  top  of  the  inner  box.  Combustible  organics,  machine  oil  and  waste  are  converted 
to  flue  gas  which  is  ducted  into  and  through  the  molten  salt  bed.  Flue  gas  is  ‘‘scrubbed”  clean  of 
noxious  elements  for  safe  disposal  to  the  enviornment  while  metal  is  accumulated  as  ash  residue 
in  the  open  trays.  Scrubbing  of  the.se  noxious,  incinerated  combustion  products  as  they  pass 
through  the  molten  salt  satisfies  air  ecology  considerations,  while  the  resulting  gas  contains 
mineral  products  of  potential  reclamation  value. 

Heat,  generated  by  preheating  and  during  initial  combustion  of  waste,  melts  the  solidified 
salt  bed  whereupon  the  system  becomes  self-sustaining.  The  salt  has  a  high  heat  capacity,  and 
as  additional  heat  is  generated  during  waste  combustion  the  heat  is  absorbed  by  the  llOO'^F  salt. 
As  a  result,  the  use  of  supplemental  fuel  to  sustain  the  incineration  is  negligible.  Appropriate  air 
inlet,  air  bypass  and  flue  outlet  manifolds  are  provided  (Figure  70)  to  maintain  proce.ss  control. 
Figure  71  shows  a  photograph  of  the  molten  salt  incinerator  system  as  evaluated.  An  incineration 
cycle  processing  about  10  ft’  of  grindings  or  sludge  can  be  performed  in  4  hr.  The  dry  metal  ash 
residue,  containing  only  metallic  and  inorganic  particles,  is  then  pulverized  in  a  conventional  ball 
mill.  Inorganic  particles  are  then  separated  from  the  metallic  particles  by  gravity  separations, 
i.e..  Murphy  Table,  similar  to  procedures  utilized  with  ores  by  the  extractive  metallurgy 
industry.  The  resulting  purified  metal  product,  although  a  mixture  of  unknown  metal 
composition,  can  be  induction-melted  to  ingot  stock.  This  product  should  he  a  useful  reclaimed 
material  for  semicritical  melting  operations,  i.e..  the  automotive,  steel  and  stainless  industries. 
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Figure  71.  Frankcl  Molten  Salt  System  Incinerator 


3.  Program  Plan  Details  (Phase  I) 

Molten  salt  hath  experiments  planned  hy  Frankel  are  shown  in  Table  40.  Fourteen  lots  of 
100  fb  each  were  to  he  processed.  Two  different  types  of  frrindinfrs  and  sludfres  were  used.  The 
processing  steps  included  molten  salt  hath  purification,  [larticle  size  reduction,  concentration  of 
metallics  and  melting. 

4.  Preliminary  Test  Results 

ECM  sludge  from  P&WA  was  evaluated  by  Frankel  and  found  to  be  unsuitable  for  recovery 
because  the  elements  present  in  the  sludge  are  present  in  compound  form  hut  are  not  in  metallic 
form.  Free  metal  containing  sludges  was  applied  to  the  process. 


TABLE  40 

FRANKEL  SALT  BATH  PURIFICATION  SYSTEM 
TEST  VARIABLES 


Test  Run 
Number 

Material 

Melting 

1 

Grindings  A 

Air  Induction 

2 

Grinding.s  A 

Air  induction  Blowing 

a 

Grindings  A 

Vacuum  Indurtion 

4 

Grindings  B 

Air  Induction 

.t 

Grindings  B 

Air  Induction  Blowing 

6* 

Grindings  A 

Air  Induction 

7 

Sludge  A 

Air  Induction 

a 

Sludge  B 

Air  Induction 

9 

Sludge  A 

Air  Induction  Blowing 

to 

Sludge  B 

Air  Induction  Blfjwing 

11 

Sludge  A 

Method  to  be  Selected 

12 

Sludge  B 

Method  to  be  Selected 

Runs  1,'^  and 

14  are  reserved  for  variation 

in  fialt  hath  cfimpositi<»n. 

*C(mcentrati<m.s  of  mejallics  omitted. 

Later,  trial  runs  were  conducted  by  Frankel  usiiifr  suliscak'  niolien  salt  hath  nietal 
purification  equipment.  Test  results  showed  that  the  suhscale  e(|ui|imcni  was  too  inefficient, 
even  for  the  relatively  small  lot  sizes  (100  thl  planned  lor  Phase  I  of  th(‘  |irofjram.  The  suhscale 
equipment,  including  a  small  size  waste  material  container,  retpiired  several  hours  to  process  a 
single  KKi  th  lot.  On  the  basis  of  the  trial  tests  with  suhscale  evutipmiMit.  |ilans  were  .adopted  'o 
conduct  the  Phase  I  runs  on  full-scale  equipment.  This  machinery  w;is  (wigitiallv  scheduled  for 
use  in  Phase  II,  but  its  fabrication  was  accelerated  sothat  it  could  he  used  in  Phase  I.  This  chitnge 
of  plans  resulted  in  a  delay  in  this  portion  of  the  iirogram, 

5.  Separation  Test  Program 

a.  Description  of  Effort 

.Separation  experiments  were  conducted  on  thv'  two  hjttches  (oriOO  to  10(10  thdiatchl  of 
nickel-ba.se  grindings  (wet  and  partially  wet)  and  two  htttches  (.■lOO  to  1000  thdratchl  of  nickel- 
base  sludge  (chemically  different)  that  had  been  iirocessed  in  the  molten  salt  systetn.  Separations 
in  the  VVilfrey  Table  concentrator  were  unsuccessful,  Hettiined  .ihrttsive  contaminants  were 
adherent  to  the  metallic  residue  and  light/lietivv  sepanition  on  this  inclitied  water  tithie  wtts 
impractical,  Attemjits  to  effect  seiiaration  by  air  and  vuctnnn  induction  melting  were  also 
unsuccessful.  Poor  inductive  cou|>ling  occurred  due  to  the  large  voUime  of  abrasive  contaminant 
and  true  melting  was  not  obtained.  1  '.se  of  a  steel  "starter''  ivad  did  not  improve  induction  melting 
characteristics.  Likewise,  nonconstttn.able  arc  melting  w.-is  onlv  margittallv  successful  in  effecting 
a  separation.  Constant  slagging  of  the  abrasive  conttuninant  tetided  to  insulate  the  molten  pool 
and  extinguish  the  arc. 

.'separation  of  metallic  fmrficles  from  .rbrasice  con)|)ounds,  i.e  ,  .M.lf,,  .'siC  etc.,  was  finallv 
achieved  in  a  Lectromelt  N'o.  0  electric  .arc  furnace  at  Kx<anet.  Inc.,  of  Ciieenville.  Pa.  I  bis 
furnace,  rated  at  .‘PiO  Ih  maximum  load,  is  of  convent  ion, a  1  three-phase  carbon  (dectrode  design. 

The  turn,  ce  lining  wa.s  initi.allv  "cleaned"  bv  arc  niching  ,a  :!()<'  lli  wash-hi'at  of  iron  sheet 
clippings.  After  [louring  the  iron  wash-heat  into  a  sand  mold,  the  turn.ace  was  charged  with 
:((K)  tb  of  molten  salt  hat h  residue  front  one  of  t he  nickel -base  shidgi'  batches  This  charge  was  not 
sufficientlv  (iinductive  to  sustain  the  furtiace  ;irc-  .A()tiroxim,at elv  (U  lb  of  iron  sheet  cli|))iings 
were  thereu|)on  ttdderl  to  the  charge  to  init  iate  melt  ing.  .Minor  arid  it  ions  of  silicon  and  llu  .spar 
were  also  made  to  thv  (urnava’  charge  to  increase  (luiditv  Sep.arata.n  ot  the  htaivier  metallic 
elements  from  the  'ess  dense  shig  o)  (amiaminant  abrasives  is  (aih.amaal  with  incrt'ased  lluidity. 


Upon  completion  of  melting,  plus  a  15-min  holding  period  to  permit  slag/metal  separation,  the 
molten  metal  was  poured  into  a  sand  mold  to  yield  a  pancake-shaped  ingot. 

The  remaining  sludge  hatch  (of  differing  chemical  composition)  was  melted  in  a  similar 
procedure,  and  the  wet  grindings  batch  was  melted  in  the  .same  way  except  that  this  hatch  was 
electrically  conductive  and  did  not  require  the  addition  of  iron  sheet  clippings  to  initiate  melting. 
An  additional  quantity  of  silicon  was  added  to  this  charge  to  influence  fluidity.  Lastly,  the  dry 
grindings  batch  was  melted  in  a  similar  procedure  as  all  previous  batches,  with  minor  additions 
of  silicon  and  fluorspar.  The  contaminant  slag  readily  separated  from  the  molten  metal  in  all  four 
melts;  detachment  of  the  brittle  slag  from  the  solidified  ingots  was  easily  attained  b\'  hammer 
impact. 

In  a  final  attempt  toward  upgrading  the  quality  of  the  recovered  metal  product  from  Ti 
grindings  and  sludges,  a  portion  of  this  prod\ict  was  remelted  by  vacuum  induction  melting. 
Specifically,  a  Ih  tb  portion  of  each  of  the  electric  arc.  air-melted  ingots  of  each  of  the  grinding 
and  sludge  hatches  were  vacuum-induction  remeiled  and  recast  into  cast  iron  ingot  molds, 

b.  Material  Balance  —  Phase  I  Molten  Salt  Process 

Data  enabling  a  materials  balance  (input  versus  output)  for  the  Frankei  Co.  molten  salt 
bath  processing  of  two  batches  of  nickel-base  sludge  (chemically  different)  and  two  batches  of 
nickel-base  grindings  (wet  and  dry)  are  given  in  Table  41.  The  molten  salt  bath  facility  and  a 
typical  tray  of  as-received  sludge,  prior  to  salt  bath  processing,  are  shown  in  Figures  71  and  72 
respectively. 

Volatiles  (moisture)  and  obnoxious  combustibles  (oils)  were  removed  from  the  grindings 
and  sludges  to  EPA  standards  of  smoke  contamination  by  molten  salt  bath  processing.  A  high 
level  of  nickel  recovery  (92  to  96';)  was  determined  during  this  molten  salt  bath  processing. 

c.  Material  Balance  —  Phase  I  Pyrometallurgical  (Melting)  Process 

A  materials  balance  (input  versus  outptit )  is  presented  in  Table  42  data  for  the  Exomet.  Inc. 
electric  arc  melting  process  that  was  utilized  to  convert  the  molten  salt  hath  produet  of  all  four 
batches  of  grindings  and  sludges  into  cast  ingot.  Due  to  the  small  (2.S0  tb)  furnace  size,  a  finite 
amount  of  metal  was  retained  in  the  furnace  lining  after  each  melt  thereby  reducing  the  accuracy 
of  the  recovery  measurements.  The  true  recovery  would  be  slightly  higher  than  86  to  92' t  as 
reported  in  Table  42. 

d.  Chemical  Analyses  —  Phase  I  Processed  Grindings  and  Sludges 

Pertinent  chemical  analyses  (\olaiiles,  combustibles  and  elementals)  were  performed 
during  the  processing  steps  of  all  four  liati  hes  ol  grindings  and  sludges.  Specifically,  analyses 
were  made  of  the  as-received  condition,  m.'lten  salt  iiath  residue,  electric  arc  melted  ingot  and 
vacuum  induction  remelted  ingot.  Uesultani  data  are  presented  in  Tables  4.4  through  46. 

e.  Analysis  ot  Phase  I  Data 

In  these  (our  runs,  metal  recovery  was  high;  an  appreciable  cost-effectiveness  would  be 
realized  by  the  2.')  to  46' ,  recovery  obtained  However.  '  may  not  be  prudent  to  factually  analyze 
these  recovery  data  (Tables  41  through  46)  as  representative  of  all  grindings  and  sludges  and 
thereby  arrive  at  firm  proce.ss  conclusions. 


TABLE  41 

MATERIAL  BALANCE  OF  MOLTEN  SALT  BATH  PROCESS 


Histopv' 


Run  No. 

1 

•j 

2 

4 

Material 

Sludge  No.  1 

Sludge  No.  2 
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(rfinriings  No.  2 
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— 
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0.1 

Nickel  ('ft 
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40.0 

21.S 

.70  »; 

Ni  Weight  ( tbi 

17(1.0 

270.0 
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27.2  0 

(llllpul 

Weight  (thi 

:ir>o.o 

.720.0 

:wo.o 

l.MO  ,t 

Nickel  ( ' '  1 

44.9 

4H  4 

20. ft 

.70,7 

Ni  Weight  (Ih) 

Ifi2.0 
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1 17.0 

242.0 

Recovery 

Ni  Hecoverv  ( ' . ) 

92.0 

92  0 

97.0 

.ilvii 

,2  }\pu(il  I  r(!\  of  As- fU’ci'H  t’ci  .\i-fi(isr  Slioiiif'  Salt 

Hath  jy()('4'ssinv 


TABLE  42 

MATERIAL  BALANCE  OF  ELECTRIC  ARC  FURNACE 
MELTING  PROCESS 


Histt>rv 


Him  No 

1 

•j 

\ 

Material 

(’onditiiifi 

Sludjp-  No.  I 

Slu(l”e  No.  J 

( iriiulini:^  No  1 
\V4-( 
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!‘L’  n 

!  .'a;  (1 

■.ML'  M 

Nickel  L  t 

.Mu 

.‘iS  *1 

Ni  Weight  1 IH ' 

pjn.ti 

1-j:  It 

s.i  (1 

UP  '1 

Hci  overv 

Ni  IH’cuverv  i'  ' 

.'it .  ( 1 

(( 

PL  ' » 

TABLE  43 

CHEMICAL  ANALYSES  OF  PROCESSED  RUN  NO  1,  SLUDGE  BATCH 
NO.  1,  CUSTOM  TOOL 


U7^C'»’,'r<'(/  Mdti’n  Salt  H'tth  EIrctru  Art  \'(uiiun\  huii.’finn 
('iiruHfi'in  Hrsidur  fnvt  Rrmt  'frd 


Aiialvsis  tw 

on 

M  oisiurp 


TABLE  44 

CHEMICAL  ANALYSES  OF  PROCESSED  RUN  NO.  2,  SLUDGE  BATCH 
NO.  2.  CUSTOM  TOOL 


As-fi  'vcicrc/ 

Mftltrn  Sail  Bath 

Klectric  Arc 

Vacuum  induction 

('<mrf/7ion 

Rcsidui’ 

Mf’ltf’d  Irtfiot 

Remelted  In^ot 

Analysis  (w/cO 

Oil 

7.H7 

Moisture 

I.W 

Ni 

4o.O 

■IHO 

00.2 

07,0 

To 

2.9.7 

i.n 

(’r 

0..79 

9.71 

('u 

0.2H 

II. -2) 

F(> 

21  L> 

IH  .( 

Mn 

O.OH 

0.17 

M<i 

0  07 

0.77 

Si 

0.28 

1 .08 

Ti 

-  0  0.7 

■  0.07 

\' 

■  0.07 

•  0.07 

W 

(' 

0,10 

0.18 

TABLE  45 

CHEMICAL  ANALYSES  OF  PROCESSED  RUN  NO.  3,  GRINDINGS 

BATCH  NO.  1,  SPECIAL  METALS 

As-Rt'crici'd 

Moltrn  Sait  Bath 

Electric  Arc 

V'ncoom  Induction 

('•mditiim 

Re.^iduc 

Melted  Infiat 

Rrmcitrd  Infiot 

Anil  lysis  uv/o> 


Oil 

7.77 
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!7.2:i 

Ni 

24.8 

Co 

(> 

('ll 

Kf 

■Mn 
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M.n 
y\:2 
9.H2 
o.ntJ 
■1.7 
(i  (i<i 
H  9 
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12.1 

9.72 

0.(»8 

rL9 

0.10 

2.9 


00.9 


I'Altl.K  It. 

('HKMK  'Al.  ANAl  iShh  t)F  I'KOCESSKD  KUN  NO.  4,  GRINDINGS 
HATC'H  NO  2,  SPECIAL  METALS 
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I'w.i  |)(  rUiU'iil  iTili'ii.i  (‘\isl  that  iiinui'iiv f  llu’  iillimalc  I'o^l  iITt'Ct i\ cncss.  lUUiu'K  lai  liic 
I'i'iii  Illicit  icinal  .m'adc  of  I  he  as  ri'icivial  ^riiuliii^  sliidj^c,  aial  (l>l  ihc  ijiiaiilils  aiai  l\|n  of 
flfini'iit  al  ooni  ami  nail  1.-  rti  aiiuai  in  ( lir  iiinltod  iiioot  'I'hcsn  i  riloiia  arn  disinissi'd  in  I  he  (ollou  nit; 
paiMfjraphs, 

(1)  Grinding  Sludge  Input  Coii}pobition 

riu'st'  I’liasc  1  to.-.!  runs  oriiiinaud  willi  i oininiTciallv  '^t'lu'ial rd  '^rindin^>  and  >lialia's  ol 
liltir  no  coonoinit'  \aliU'  No  allcinpl  was  made  to  si'lncl  Ilia  composition  or  quality  ol  the  input 
materials  except  tliat  a  reasonable  level  of  snperaliov  content  should  he  present  It  will  he 
difficiill.  inayhe  impract  ical,  to  effect  a  scrap  inanaitetnent  system  on  ftrindiitf^s  and  shidaes  sinci' 
ittd  list  rial  product  ioti,  collect  ins:  atid  ha  lull  ins;  is  tar  less  sophist  ical  ed  as  compared  lot  he  area  of 
sera  (I  t  urn  itis;s  and  solids.  .Xs  i  he  input  coinposil  ion  of  strindiinss  and  sluds;es  can  \  ar>  o\  er  a  wide 
ransre,  the  rei-oxt'red  value  of  the  melted  product  will  varv  accordinelv.  Input  material  lhal  is 
"lean  "  in  desirable  nickel  content  will  vield  a  reduced  level  nickel  ins;ol  product  and.  have  a 
eorrespoiidiiu;  reduclitni  in  cost  elTeit iveiiess  Therelore.  process  economics  will  he  attccied  by 
specific  in(ini  material  com(iosi: ions  and  iiiiist  he  treated  aceordiiij.'lv 

(2)  Retained  Contaniinants  m  Output  Ingot 

The  market  v  able  of  l  he  process  output  nistol  vv  ill  he  inihieiu  cd  hv  |  he  quant  it  v  ,ind  I  v  pc  ol 
elemental  conlaininanis  retained  in  the  melted  ins;ol.  Ke  is  iisiialK  not  ol  concern;  however,  iina't 
containins;  even  a  minor  level  of  eohall  will  not  he  useful  lor  allov  ins;  addilions  in  the  stainless 
steel  iiidusirv  althousth  it  mav  have  iisas;e  in  llie  eohall  hasi-d  allov  indiislrv  .  .Appreci.ihle  \\ 
levels  are  undesirahle;  hot  1;  ( 'o  and  W  are  not  readily  reiiiov  able  Some  eleincnl  s.  when  picsi  nt 
III  ohieci  lo’iahle  lev  els.  mav  he  reduced  hv  air  lancins;  diirins;  inell  in;;.  i  c.,  ( 'h,  .\1.  hi.  Si,  I '.  i  i  c. 

f.  Phase  II  Direction  —  Chemical  Purification  Process  (Molten  Salt  Process) 

I’liasc  I  ellorls  siihsi .ml i.ili  d  hv  ilala.  reali/ed  economic  potential  from  a  anndiin:  shiduc 
scrap  produci  that  is  presenllv  .iiisidered  relalivelv  vvoit  bless.  Separation  iiiiolien  s.ih  ,nid 
melt  I  ns;  I  el  tori  was  made  in  I  ’base  Ion  dev  (•iopnu'tilal  quant  it  les  I  o  esi  :ihhsh  process  leasihihl  v  . 
.■\dd It  lon.il  processi ns;,  i lu  i iiih i n;  -p  .ml  it  v  scale  up  was  re(|Uired  I o  esI  ahlish  pi  oi  ess  i a  oii'  in a  s 
I'll  this  h.i'is,  |'\.\\  A  pnisiied  i  hasi  sirindini;  and  sliidee  re>  laiiial  ion  diirnn:  I'li.isi  II  ii'iai.icl 
as  livities  as  oiii;inallv  scheduleP. 


D.  NONCONSUMABLE  MELT  PROCESSES 


Two  nonronsumahle  melt  processes  were  invest i>;ated;  the  AIRt’O-'l'emescal  electron  beam 
(EB)  cold  hearth  melting  system,  and  the  Teledyne-Schlienger  rotating-electrode  system.  These 
systems  each  have  the  potential  to  remove  high  density  contaminants  hy  entrapment  within  a 
melt-skull,  and  each  provides  a  capability  tor  introduction  of  large  (piantities  of  scrap  into  the 
melt.  The  EB  cold  hearth  system  was  applied  successfully  to  the  reclamation  of 'ri-.'iAl-2.r)Sn 
scrap  for  a  commercial  product  not  retpiiring  chemistry  control.  'I'he  ca|)ahility  of  this  process  to 
produce  controlled  chemistry,  aerospace  (piality  ingot  from  Ti-(iAl-  t\'  scrap  ininit  material  was 
assessed  in  Phase  1.  Evaluation  of  the  1'eledyne  noneonsumahle  melt  iirocess  was  based  on  results 
of  Air  Force  Contract  P'11, '1615-72-1  r26. 

1.  AIRCO-Temescal  Electron  Beam  Cold  Hearth  Melting  Method 

AIKC'O-Temescai  established  a  pilot  process  for  reclamation  of'l'i  scraf)  h\-  EB  cold  hearth 
melting.  EB  hearth  melting  offers  the  potential  of  overcoming  mans  of  the  limitations 
encountered  in  alternative  melting  (srocesses.  'I'he  most  expi'dient  method  for  trace  element 
removal  lies  with  better  vacuum  and  higher  temperatures.  From  a  tcchnic.il  .nid  economical 
point  of  viesv,  an  increase  in  both  parameters  can  he  achieved  with  electron  beam  hearth  refining 
as  compared  to  other  methods.  This  process  can  take  place  as  drip  melting,  coiitimious  hearth 
refining,  zone  refining  or  hatch  melting,  and  is  api>iic;>hle  to  both  titanium  and  super.alloys.  The 
apiilication  of  EH  melting  in  this  program  w;is  confined  to  hearth  refining,  since  this  is  the  most 
economical  process  fi'r  large-scale  commercializittion. 

a.  System  Technique 

AIHC'O- I’emescal  uses  an  advanced  refining  techniciue  for  scrap  metal  reclamation.  The 
technique  features  two  se()uen(ial  o|)eralions:  (It  electron  he.am  lEHl  tnelting  of  feedstock  in  a 
copfter.  water-cooled  hearth,  and  (2)  pouring  and  solidification  i>l  ingots  in  a  w,\ter-cooled  mold, 
both  otierations  are  conducted  in  a  hard  vacuum  atmosphere  In  order  to  melt  titanium  alloys  to 
AMS  specificiit  ion,  a  mixture  of'l'i  scra|).  spongi'  and  allo\  ing  elements  is  continuousl\-  fed  to  the 
shallow  hearth  and  melted  hv  ;i  high  power  electron  beam.  The  resulting  molten  pool  is  cradled 
within  a  “skuH"  th;it  lorins  on  the  water-cooled  hearth 

Purification  reactions  ,-ukI  homogeneous  ;dlo\ing  occur  in  the  molttm  pool  at  a  pressure  of 
D.l  to  ( 10  ‘  to  10  •'  torri.  which  is  an  order  of  magnitude  lower  than  that  of  vacuum  induction 
melt  processes.  When  desired,  the  electron  beam  process  can  be  operated  at  a  pressure  as  high  as 
Mfj  |.50  ■  10  ■’  torri.  riie  purification  is  .achieved  b\  ;i  tiumber  of  mech.anisms,  including  densitv 
.separation  of  heavy  comjiounds  Isuch  as  tungsten  carbide).  \  olat  ili/.at  ion  of  traced  ramp 
elements,  and  gas  evolution  'Fhese  reactions  are  promoted  In  the  shallow  inert  hearth  where  a 
large  surface  area  of  t  he  metal  is  exposed  tot h<‘  high  local  su[ierhe,it  of  t he  electron  beam.  U  hen 
melt  ing  iinolves  \-olat  ile  alloying  elements,  compensat  ing  add  it  ions  are  made  tot  he  charge  of  raw 
material. 


The  purified  ;ind  alloyed  m(>l,il  trickles  from  the  he.irth  to  the  water-cooled  ingot  mold 
which  is  exposed  to  a  vacuum  and  a  hot  topping  electron  beam.  Thi'  nu'tal  is  continuouslv 
solidified  to  obtain  a  homogeneous,  controlh'd  grain  ingot  structure  and  high  ingot  vield.  The 
process  allows  direct  observation  ;md  independent  control  of  the  jiuriluation  and  alloving 
reactions  and  the  solidification  process.  The  process  enables  a  high  percentage  of  I’i  scra|i  to  be 
conxenientlv  charged,  medted.  purified,  alloved  and  solidified  in  a  single  nu'lt  to  produce  an  ingot 
with  irotentiallv  superior  structure  and  overall  cpi.alilx'.  .Selected  itigot  sizes  and  sh.apes  (rounds, 
tube  hollows,  rectangular)  can  be  c.ast  with  pottmtialK  attr,acti\e  economics  and  properties  in 
finished  mill  products  and  forgings. 
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b.  System  Hardware 


Figure  7H  presents  a  seheinatic  diagram  of  the  electron  beam  hearth  melting  furnace,  .^s 
indicated,  the  scrap  mixture  is  metered  out  of  the  charge  hopper,  fed  to  the  shallow  hearth, 
melted  and  purified  and  then  (lowed  into  the  ingot  chamher.  Figure  74  illustrates  the  incoming 
scrap  mixture  (top  center),  and  the  hearth  pool  of  molten  alloy  overllowing  into  the  ingot 
chamher  (bottom  center). 


FD  171585 


Finurc  73.  Diafiram  of  AIH('()  Hlt’cinm  /(com  Cold  Hforth  Mcllinfj  Furnace 
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/■'iL'i/rc  7-;  AIKCO  E'U'ctron  lirani  Ciild  Hearth  Furnavr  Shiiu  irift  Incuminft 
SfTdp  Mixture  ll  pper  Ceiiterl.  and  Hearth  /'no/  af  Multen  Allay 
< h  erflnu  infi  Intu  Inpat  Maid  ( Lau  er  Center) 

c.  Program  Plan  Details  (Phase  I) 

\  iniMuri'  lit  ■icriip  i-hip'^  ot  I'i  (>AI  t\'  were  liliMKicii  with  liruiti  tni'l.il  .-iiul  in.'ii^tct'  ;il|i'V 
li'lilii '  II I  -  MU  I  inrilcti  m  Mil  l^[<  iiii'lt  iinr  (irrn.'tcc  'riic  iiicll  \v;i''  dnpi'ii  with  I  iinu'-t  (ui  i.'irhidi'  rtiips 
III  I  11  I irr  1  I  111 ( ;i riun.'il  I'll)  'I'lic  ohiri-l i\  i'  i>l  I  lie  pnM  ('‘''|  ('xprriiiK'iit  \mi'.  in  (l('in(in"-t  i  :i1  m  t  liat  h'l^ 
n'i‘!'iM!'  Ill  I  |i  ^iTiip  (  liariri’  will  ailiitwc  rciiKW.'il  nl  lu'.uv  jncliil  Piitlirir--  will  inril  ihi'lii  i^t  rv 
"-pi'i  it  11  It  ii  in~  tnr  the  mIIov  iiikI  (I(miiii!1sI rule  t  lull  .■leni'-piiee  pliv^inil  iimperl  ie^  i  nn  he  iiehiev  ed, 
I'lie  ,'tiilii\  III  iiieasnre  innlleti  nielal  eheniistr\  "ii  a  i  nut  innnii'-  hasi^  In  adianred  lerhni'ine'. 
w  a  -  I  1.  a  h  Mil  ed  aiiaK  I  iralK  Twi  i  experiinental  iiienl  H'litdiialK  1  ^  in  iha.  w  ere  nieh  I'd  and  ra'-t , 
Mi  i'ini;  III  a  nnmher  nt  ^inad  iiii'i'is  wa^  reipiired  In  delerinini  miiial  lari'e  ini'nt  paranieler'i 
I  I  |iif  I  "a  " '  ir\  I  lie/n  ii-l  rv  aiiaU  i-e-  mi  ehill  I'liie  --am pie-  i  alien  I  •  mn  l  he  nn  1 1  w  ere  i  ii-ed  li  a  ei  ail  ri  'I 
and  di  11  ninenl  al  II  at  nt  t  he  eheiiti'-l  rv 
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Ingot  No.  1  was  melted  to  raleiilaled  values  for  feed  materials:  ingot  No.  2  was  ii.sed  for 
more  precise  control  of  composition.  Roth  ingots  were  seeded  with  tungsten  carbide  particles. 
Ingot  chemistrv’  was  determined.  Ingots  were  reduced  to  billet  and  microstructure  was 
determined  on  billet  series.  The  billets  were  forged  to  nominal  I -in.  dia  bars.  After  cropping, 
chemical  and  physical  tests  were  performed  to  certify  that  the  allo\’  was  within  specification 
limits.  A  preliminary  analysis  was  made  to  demonstrate  that  the  doped  tungsten  carbide 
particles  were  removed  in  the  melting  process.  Billet  slices  and  approximately  4000  tb  of  bar  from 
each  ingot  were  then  subjected  to  chemistrv,  structural  and  mechanical  property  evaluation  bv 
P&WA. 

d.  Test  Program 

(1)  Chip  Analysis 

Four  thousand  pounds  of  Ti-6Al-4V  machined  chips  were  received  from  the  Frankel 
r ompany.  The  analysis  is  shown  in  Table  47.  The  chip  analysis  indicates  that  the  Fe.  Cr,  Ni  and 
Mo  total  exceed  Specification  4928-C.  The  chips  al.so  appeared  to  be  contaminated  with  tin.  The 
chemical  analysis  of  the  other  raw  materials  used  in  the  melting  of  Ti-fiAl-4V  ingots  is  also 
summarized  in  Table  47. 

A  water  conden.sate  was  ob.served  on  the  pla.stic  liner  of  the  barrels  of  chips.  After  drying,  the 
chips  indicated  a  weight  change  of  0.78'( .  To  minimize  the  intn^duction  of  moisture  and  the 
attendant  increase  in  oxygen  content  of  the  chips,  the  charge  materials  were  preheated  to  250°h' 
before  being  added  to  the  chip  feeder.  Frankel.  in  response  to  this  problem,  stated  that  the  chips 
had  been  placed  into  plastic-lined  barrels  while  still  hot  from  the  cleaning  process  and  that 
humid  July  conditions  resulted  in  condensate  retention  during  cooling  of  the  chips.  Frankel 
stated  that  most  customers  do  not  have  critical  rhoisture  requirements,  and  indicated  that 
AIRCO's  requirements  could  he  met. 


TABLE  47 

RAW  MATERIAL  (CHIPS)  ANALYSES  -  AIRCO 


Frankel 

AIRCO 

Ti  Sponge 

IaH  154 

60AI-40V 
Master  Lot  200 

Al  Shot 
Lot  220 

('<ppni) 

I.W 

.342 

317 

890 

8 

— 

:ta.3*- 

283*  * 

— 

Of  ppm } 

22(KI 

2872 

446 

8.30 

160 

— 

2388" 

.3.37** 

— 

— 

276r>‘  ‘ 

680“ 

— 

— 

N(ppm) 

— 

— 

19 

10 

120 

56“ 

AK'.) 

6.5r» 

R.to 

-  0.02 

.33.3 

99.73 

6.0.3** 

— 

— 

VC.) 

:t.70 

3.82 

0.02 

43.5 

Snt'V  I 

0.09 

0.66 

0.04 

— 

V  0.005 

0.R3** 

— 

— 

— 

Fe('  , ) 

0.38 

0.179 

0.02 

0.33 

0,14 

0,11* 

— 

rr(';) 

0.09* 

0  024 

0.024 

■  0.(X13 

NiCV) 

0.30* 

0  47 

— 

— 

MkC.  ) 

- 

0.03 

0.23 

MoC  .  ) 

O.l.'i 

0.063 

- 

— 

Che;) 

‘  0.03 

0.03 

— 

— 

— 

Ph(',l 

0,0.3 

- 

— 

ZrC'.) 

0.07 

- 

— 

— 

Mn(''f ) 

'0.0.3 

-- 

-• 

‘Aqua  regia  soluble 
“Refesf 


In  order  to  calibrate  the  oxygen  content  of  a  mixture  of 'I'i  sciap  and  sponge  and  to  evaluate 
the  dilution  offset  of  sponge  on  aluminum  level,  two  heats  of  Ti-riAI-2.r)Sn  scrap  with  sponge 
additions  of  15‘f  and  fiO'i  were  made.  The  feedstock  data  and  chemical  analyses  of  ingots 
No.  4089  (18'  ;  sponge)  and  No.  4101  (fiO'i  sponge)  are  shown  in  Table  48. 

TABLE  48 

FEEDSTOCK  DATA  AND  CHEMICAL  ANALYSES  OF 
INGOTS  -  AIRCO 


IN’C.OT  NO  40Sil 
Fe<*dst(u'k 


Ti-2.r>  rhii>s  KS' . 

Ti  Sponge  l.V. 

Finished  Ingot  Weight  8(i:t  tt) 


Chornifftl  Amdysis 


Sample 

iiuation 

(mj 

At 

.SVi 

1 

/■V 

(V 

(■ 

0 

A 

10,0 

2.02 

1.74 

0.1 7(i 

0.70 

o.onti 

0,0411 

0.:1002 

0.0120 

20.2 

2.5ti 

1.7'> 

0.188 

0.70 

(t.Of)') 

0, 04(H) 

0.28,7:1 

o.oi;U) 

Typical  Strap  R*‘nu*lt  Analysis  2400 
0/  Change  hv  Dilution  '  4(^0  ppni 

IN'COT  NO.  4101 
Feedstock 

Ti  r>.2.fS  Chips  12(K»th  h(V , 

Ti  Sponge  800  tb  40', 

2<i<H)  fh  jm'. 

Finished  Ingot  Weight  lb 

('hemical  Analysis 

Sanipli- 

l.(ic(Ui(in 


(in  ) 

At 

Sn 

V 

r, 

Cr 

(■  It  .V 

11.0 

1.21 

0.91 

0.22](; 

0.2147 

20.0 

1.20 

0.91 

0.2001 

0,2IH)9 

;io..'. 

1,07 

0.84 

0.2221 

0.22(H) 

40.0 

i.i.'> 

0  88 

0  212(; 

0,21.41 

u  () 

0.7:1 

0,70 

0.18,'v^ 

0.1872 

The  results  on  ingot  4089  showed  a  nominal  KM)  ppm  droii  in  oxvgeu  from  a  nominal  8100 
1)1)111  anaivsis  of  ]()()',  scrap  charge  prepared  from  this  lot  of  scrap.  This  drop  is  proportional  to 
the  irv,  spotige  addition  The  lit)' r  sponge  charge  from  ingot  No  tlUl  showt'd  ati  oxvgen  atialvsis 
somewhat  higher  than  the  calculated  181)  ppm  anticiptiled  I'rom  tht'  Imat ,  Onlv  one  atialvsis  was 
within  the  expec'ed  oxvgeti  ratige. 
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(2)  Ingot  Preparation  and  Melting 


Two  intjots  of  composition  Ti-5Al-2.5Sn  were  melted  using  the  CHF  1200  vacuum  furnace 
at  AIRCO.  The  furnace  was  equipped  with  vacuum  pumps  of  higher  pumping  capacity  and 
mtxlified  electron  beam  guns  than  conventional  vacuum  furnaces  to  ensure  constant  power  input 
atmosphere  for  control  of  composition  during  melting.  In  addition,  feedstock  was  prepared  for 
Ti-6A1-4V  ingots.  These  test  results  permitted  calculation  of  the  sponge  dilution  and  aluminum 
addition  requirements  applicable  to  Ti-6A1-4V  ingot  melts. 

(3j  Test  Results 

(a)  Ingot  Manufacture 

Mixing  trials  were  conducted  with  small  chip  lots  to  demonstrate  the  feasibility  of  feeding 
a  homogeneous  four-element  mixture,  i.e.,  Ti-6A1-4V'  chips,  Ti  sponge,  6flAI-40V  master  alloy  and 
A1  shot  to  the  melting  hearth.  Subsequently,  two  1000- lb,  18-in.  dia  ingots  (suhscale  length)  were 
produced  —  Nos,  4102  and  4101  with  lengths  of  18.6and  26.2  in.  respectively.  Results  concerning 
ingot  No.  4102  are  presented  in  Tables  49  and  50.  and  in  Figures  75  and  76.  Ingot  No.  4104  results 
are  given  in  Tables  51  and  52.  and  in  Figures  77  and  78. 

Ingot  pouring  rates  (160  to  190  tb/hr)  were  slower  than  those  established  at  .41KC()  with 
100',  Ti-5Al-2.5Sn  chip  feedstock.  The  chip  feed  system  also  required  Irequent  adjustments  to 
maintain  a  constant  pouring  rate. 

Oxygen  levels  of  1200  to  50(X)  ppm  were  consistent  with  values  calculated  prior  to  the  run. 
The  aluminum  and  vanadium  contents  were  within  specification  at  the  mid-length  of  the  ingot 
but  deviated  from  specification  at  each  end  of  the  billet.  The  time  required  t<'  establish  steady- 
state  feeding  conditions  at  the  beginning  of  the  ingot,  and  exposure  time  of  the  melt  to  the  hot 
topping  gun  at  the  end  of  the  ingot,  are  likely  contributing  factors  to  the  olrserved  chemistry 
variations.  An  analysis  of  the  melt  condensate  (volatilized  elements),  captured  by  a  screen 
located  in  proximity  to  the  melt,  indicated  a  chemistry  of  Al-44.29',  Ti-0.7r,  \\ 

TABLE  49 

AIRCO  INGOT  NO.  4102  FEED  STOCK 


<!bt 

wVi^'hr 

I'i  t^Al  4V  Krankcl  f'hips 

2(78 

’l  l 

r>p.7 

luv  .Alliiv 

m 

h.2 

-  in  A1  Shot 

7(» 

7 

■fnliil 

Kinishn/I  Wpjjrhi 

(180 

Material  Oiftt’roiuT 

288 

Hearth  SkiiII 

2(iO 

Hearth  Siartinj:  l/»a(t 

rv2 

Net  Hearth  Material  Invent(»rv 

Melt  I...SS 

8(i 

Meit  KfTiiTenev  fM  7' • 
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Ingot  Length  -  in. 


TABLE  50 

AIRCO  INGOT  NO.  4102  CHEMISTRY 


MVRRA  )•  HILL  I  ABO  RATO  RY 


Disc  From 
In^ot  Base 
(in.) 

C  0  N 

(ppm)  (ppm)  (ppm) 

Al 

(0) 

V 

C-'t) 

•Sn 

Fv 

('.) 

(> 

CO 

Ni 

CO 

Mo 

r'j 

Drilled  Samples 

5 

,863 

— 

_ 

7.02 

4.28 

0.067 

0.11 

o.mo 

0.091 

0.043 

61.3 

— 

— 

10 

67,5 

_ 

— 

724 

— 

— 

5.86 

3.68 

0.099 

0.17 

0.(X)8 

0.086 

0.04 

lo 

7«) 

_ 

_ 

804 

-- 

— 

3.48 

2.89 

0.097 

O.i.') 

0.(X)8 

0.078 

0.03 

Dip  Samples 

10 

557 

1184 

4,S 

,552 

1284 

49 

6.73 

4.29 

0.07 

0.14 

0.044 

0.11 

0.036 

<  0.005  < 

:  0.(X13 

IS. 6 

508 

1511 

67 

515 

1474 

83 

3.2 

2.92 

0.10 

0.12 

0.028 

0.11 

0.034 

'  0.005  ' 

0.(X).5 

ANAMET  LABOHA  TORIES 

Dip  Samples 

10 

_ 

_ 

6.79 

4.31 

_ 

_ 

— 

_ 

_ 

18.6 

— 

— 

3.77 

2.82 

_ 

_ 

_ 

_ 

_ 

Condens. 

— 

- 

-  55.1 

0.71 

- 

- 

- 

- 

- 

Specification  (Ti-6A1-4V) 

1000 

2000 

.500 

.5.5. 

3.5- 

0.30  max  — 

_ 

_ 

6.75 

4.5 

Time  hr 

PD  171587 


/  .i  .'-  .  ’  t  >  ltit:iii  ,\ii.  .1102  (Ti-6Ai--1V)  Mcltinn  Record  "  ■ 
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Press.  -  microns 


TABLE  51 

AIRCO  INGOT  NO.  4104  FEED  STOCK 


('onfcnf 

Weight 

trt>) 

Wei/;  hi 

Ti-6Ai-4  Frankel  Chips 

4;12.9() 

Ti  Sponge 

50.0 

fiCIAt -K)\’  Allnv 

55.02 

5.0 

'  -  in.  A1  Shot 

fi'.io 

5.fi 

Total 

1 10()  04 

99.9 

Finished  lng»>t  Weight 

9fi5.tKI 

Materia)  Difference 

125 

Hearth  Skull 

250 

Hearth  Starting  Skull 

26<> 

DiSS 

(  I  10 

Residue  in  Feeder 

(  ■  )  75 

Mi’lt  l.oss 

7tt 

Meit  Kfficieiirv  ■ 

TABLE  52 

AIRCO  INGOT  NO.  4104  CHEMISTRY 


AfCKK.t  V  HILL  lAHnRATOItY 


Jh\t  h'fom 

C 

n  \ 

A( 

V 

Sn 

Fv 

Cr 

\l 

'  rn  ' 

'Pptn 

'fppni  uppni  i 

r.  1 

} 

f<  } 

r . } 

:  1 

1  h\^  Samples 

7  0 

tl-|5 

2150 

2.94 

ii.i 

0,19 

0.019 

0.(0 

5^Hl 

2(Ht5 

10,0 

522 

2120 

5.5S 

2,85 

(i.n 

1M7 

n,iU4 

0  08 

522 

2tt75 

!5,h 

t9( 

1  H2.H 

(in 

4.12 

0,1 

0.15 

0,(05 

0,19 

495 

1910 

20,2 

514 

1797 

5  5 

4.00 

oil 

r  10 

0.(08 

0  08 

.502 

1572 

]HJ) 

20.2 

552 

227(1 

.2.80 

2,59 

OIL' 

it.lT 

0.(09 

0.11' 

5f>9 

2252 

WAMLT  LMIDIIA  nilllKS 

Orill 


9 

Ml 

(.70 

14 

5  54 

(.75 

10 

o.r; 

1.10 

1.8 

5.29 

1  92 

•»o 

4  41 

v51 

Dip  Samples 

7  0 

2  81 

(98 

U  05 

10  t; 

IK 

\  .8.2 

o.ot; 

15 

0.07 

1  27 

O  07 

20.2 

5  21 

M2 

no" 

J((  2 

Spt*Tifi«  a  .“u  (’Cl  (v\l  4\'i 

2  70 

n  0!» 

llKMl  .’Omi 

■|iMi  ■*  *;  75  I 

5  5 
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Ingot  Length  -  in. 


1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0 


FD  171589 
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Press.  -  microns 


Ingot  Length 
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Slow  feed  characteristics,  similar  to  those  experienced  with  ingot  No.  4102.  were  again 
noted.  Aluminum  evaporation  rate  was  high  both  at  the  beginning  and  the  end  of  the  run.  Delays 
in  the  melting  rate,  incurred  during  correction  of  a  No.  5  ER  gun  malfunction  contributed  to  the 
high  evaporation  rate  at  the  beginning  of  the  run.  Oxygen  levels,  higher  than  expected,  may  also 
be  related  to  the  No.  5  gun  problem  since  the  oxygen  pickup  from  the  furnace  atmosphere 
increased  in  proportion  to  the  melt  delay.  The  perturbation  of  vanadium  content  was  believed 
related  to  an  inhomogeneity  in  the  feeding  of  the  60A1-40V  master  alloy. 

In  view  of  the  problems  encountered  with  feed  rate  and  compositional  homogeneities  in 
these  runs,  a  hopper  of  chips,  sponge  and  master  alloy  was  fed  into  boxes,  and  samples  taken 
every  5  min.  Results  of  this  test  are  presented  in  Table  .Sll,  Figure  79  and  Figure  80.  It  was 
observed  that  the  feed  rate  varied  from  2.4  to  10  tb/min.  The  sponge,  until  depleted,  fed  at  a 
faster  rate  than  the  chips  and  then  at  a  gradually  decreasing  rate.  The  fiO  A1-40V  master  alloy  fed 
at  a  constant  rate  and  the  aluminum  shot  at  an  increasing  rate. 

As  a  result  of  the  feeding  tests  and  the  resultant  findings,  changes  were  made  to  the  feeding 
system  of  the  CHF  1200  furnace  to  establish  the  necessary  mixing  and  feeding  requirements.  The 
changes  feature  a  vibratory  feed  system  with  a  capability  for  constant  feed  over  a  range  of  input 
rates  from  200  to  600  Ib/hr.  A  500- tb  lot  was  used  to  lest  the  modified  unit:  the  feedstock  mixture 
(Table  54),  was  premixed  in  a  rotating  drum.  Test  results  are  in  Figvires  81  and  82.  The  initial  five 
data  points  are  significant:  the  last  two  point.s  represent  residue.  It  was  concluded  that  the 
modifications  to  the  feed  system,  along  with  the  premix  operation  effectively  reduced  the 
previously  experienced  variations  (Figure  80),  however,  .some  separation  of  components,  i.e.. 
sponge  feed  faster  than  chips,  was  indicated  by  the  high  concentration  of  chips  in  the  residue 
(Figure  82). 

AIRCO-Temescal  melted  two  ingots  (Nos.  4115  and  4116)  required  for  evaluation  under 
Phase  I  of  the  program  plan.  Ingot  No.  4115  was  made  from  the  material  noted  in  Table  53.  with 
30  WC  tool  bit  particles  ranging  in  size  from  1/16  to  1/4  in.  P&WA  received  a  cross  section  of  the 
No.  4115  forging  billet,  and  400  tb  of  round-corner-square  (RCS)  barstock  forged  from  the 
No.  4115  billet,  for  NDI,  chemistry,  metallographic  and  mechanical  properties  evaluation. 
Analyses  completed  by  AIRCO-Temsecal  indicate  that  the  hearth  feed  system  is  a  major  factor 
in  controlling  ingot  chemistry. 

CbJ  Feed  and  Forging  Procedures 

The  feed  procedures  used  for  ingot  Nos.  4115  and  41 16  were  essentially  identical.  Feedstock 
were  premixed  into  six  rotating  55-gallon  drums,  and  each  drum  load  was  poured  in  sequence  into 
the  six  compartments  of  the  feed  hopper.  The  hopper  loading  sequence  (Table  55).  was  devised 
to  ensure  an  even  distribution  of  feedstock.  The  loading  sequence,  and  a  vibratory  feed  system 
were  adopted  as  the  result  of  the  trial  testing  noted  above. 


TABLE  53 

MATERIAL  USED  FOR  AIRCO  PEED  STOCK  SYSTEM  TEST 


Content 

Weight 

(m 

Weight 

(%) 

Ti-6-4  Frankel  Chips 

38.8 

Ti  Sponge 

7,w.n 

.50.0 

60AI-40V  Alloy 

73.0 

4.8 

' »  in.  Al  Shot 

94.5 

6.3 

Total 

1.500.0 

99.9 

Minimum  Feed 

11  Ib/.l  min 

132  Ih/hr 

Maximum  Feed 

.‘Ml  lt)/5  min 

600  th^r 

189 


Figure  79.  AIRCO  Feed  System  Test  Results 


Figure  8().  AIRVO  Feed  System  Test  —  '•  of  Components 


Component  in  Sample  -  % 


TABLE  55 

HOPPER  LOADING  PROCEDURE  FOR  SIX 
BARRELS  OF  PREMIXED  Ti-6A1-4V  INPUT 
MATERIAL  -  AIRCO 


HOPPER  SECTION 

A 

B 

C 

D 

E 

F 

Loading  Sequence 

6* 

6 

a 

6 

4 

3 

4 

3 

4 

3 

2 

1 

2 

1 

2 

1 

5 

6 

a 

6 

F, 

6 

3 

4 

3 

4 

3 

4 

1 

2 

1 

2 

1 

2 

•Each  number  .represents 

a  1/6  port 

ion  of  the  barrel 

bearing  that  number 

The  EB  cold  hearth  melt  parameters,  i.e.,  feed  rate  and  ER  power  input,  were  essentially 
the  same  for  both  ingots.  A  casting  profile  was  determined  by  measuring  the  length  of  the  cast 
ingot  every  15  min.  Chemical  analyses  were  accomplished  hv  both  dip  samples  removed  from  the 
melt  at  5  in.  increments  and  drillings  at  5  in.  increments  from  the  surface  of  ingot  No.  4116 
following  its  complete  solidification. 

(c)  Chemistry  and  Profile  Analysis 

Chemical  analyses  relative  to  ingot  No.  4115  are  presented  in  Table  56.  and  shown  in 
Figure  83  (chemistry)  and  Figure  84  (casting  profile).  The  corresponding  data  for  ingot  No.  4116 
is  presented  in  Table  57  (chemistry)  and  shown  in  Figure  85  (chemistry)  and  Figure  86  (casting 
profile).  Ingot  No.  4115  is  within  chemical  specification  except  for  aluminum  content  within  the 
initial  five  inches  of  melting.  The  initial  low  aluminum  content  is  believed  to  be  related  to 
dilution  of  the  input  feed  material  by  the  initial  hearth  inventory.  Further  empirical  data  would 
provide  a  basis  for  compensating  for  this  low  aluminum  startup  level.  Ingot  No.  41 16  shows  good 
control  of  vanadium  along  its  length,  and  oxygen  is  within  specification:  however,  a  significant 
variation  in  aluminum  content  is  evident  in  both  dip  samples  and  drillings  from  the  ingot  surface, 
with  the  dip  samples  showing  the  more  pronounced  effect . 

The  origin  of  this  variation  in  aluminum  content  is  potentially  attributable  to  the  following 
factors:  variable  vaporization  of  aluminum,  variable  homogenization  on  the  hearth  and/or 
variations  in  feeding  of  raw  materials.  This  variation  does  not  appear  to  be  related  to  the 
vaporization  of  aluminum  since  the  casting  profile  is  satisfactory.  Homogenization  of  the  charge 
on  the  hearth  also  appears  to  be  satisfactory.  The  variation  appears  to  be  caused  by  segregation 
or  classification  of  raw  materials  during  the  mixing  and  the  feeding  operations. 

The  results  of  three  “dry  run”  feeding  experiments  showed  the  tendency  for  sponge  to  feed 
faster  than  chips  and  for  aluminum  shot  to  increase  its  feed  rate  during  the  run.  The  60A1-40V 
master  alloy  was  fed  uniformly  in  all  experiments. 


Alloying  Element  - 


TABLE  56 

AIRCO  INGOT  NO.  4116  CHEMISTRY 


Dist.  From 
Ingot  Base 
(in.) 

CON 
(ppm)  (ppm)  (ppm) 

At 

('~r) 

V 

(%) 

Sn 

(%) 

Fe 

(%) 

Cr 

(%) 

M 

(%) 

Dip  Samples 

4.8 

_ 

2103 

_ 

5.16 

3.55 

0.a53 

0.17 

0.018 

0.17 

— 

2043 

10.1 

673 

1839 

76 

6.11 

3.58 

0.0.54 

0.17 

0.018 

0.17 

605 

1889 

87 

15.0 

_ 

1929 

_ 

6.28 

3..59 

0.0.55 

0.16 

0.016 

0.17 

— 

18.39 

20.S 

6.55 

1907 

.55 

5.87 

3.63 

0.0.53 

0.17 

0.018 

0.17 

614 

1975 

24.5 

_ 

1890 

_ 

6.25 

3.66 

0.0.55 

0.17 

0,016 

0.17 

- 

1892 

29.7 

_ 

1988 

_ 

5.81 

3.6 

0,0.55 

0.17 

0.016 

0.17 

- 

2008 

.'12.6 

_ 

2005 

_ 

5.53 

3..57 

0,0.55 

0.18 

0.017 

0.17 

— 

20.39 

Specification 

(Ti-6AI-4V) 

1000 

2000 

.500 

.5..5/6.7.5 

3..5/4.5 

o.:«) 

max 

Fif’ure  H.'i.  AIRCO  Ingot  No.  -4115  (Ti-tiAl-AV )  Chemistry 
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Figure  84.  AIRCO  Ingot  No.  4115  Casting  Profile 
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TABLE  57 

AIRCO  INGOT  NO.  4116  CHEMISTRY 


Dist  From 

Ingot  Base  CON 

(in.)  (ppm)  (ppm)  (ppm) 

Al 

r.) 

V 

rr) 

Sn 

(^c) 

Fe 

(%) 

Cf 

(%) 

Ni 

(%) 

Dip  Samples 

6.8 

4.04 

3.98 

0.05 

0.16 

0.016 

0.18 

10.2  Chill  lost/no  sample 

12.9  444 

19.55 

43 

5.51 

3.80 

0.05 

0.16 

0.021 

0.16 

452 

1845 

24 

1875 

77 

15.7 

4.85 

3.81 

0.05 

0.16 

0,024 

0,24 

5.20 

5.32 

19.6  411 

1840 

95 

5.95 

.3.87 

0.05 

0.16 

0.023 

0.16 

480 

1850 

106 

1837 

89 

25.6 

7.07 

.3..38 

0.05 

0.16 

0.024 

0.17 

7.26 

7.35 

30.8 

5.60 

3.78 

0.05 

0.16 

0.025 

0.17 

33.3 

5.68 

3.74 

0.05 

0.16 

0.020 

0.16 

Drilled  samples 

5 

4.04 

3.72 

10 

5.97 

3.81 

15 

5.25 

3.83 

20 

6.75 

3.70 

25 

6..32 

.3.68 

30 

5.89 

3.68 

Specification  (Ti-6AI-4V) 

1000 

2000 

500 

5..50 

3.50 

0.30  Max 

to 

to 

Cast  20  Dec  74 
Length  -  31.5  in. 
Weight  1212  lb 


Figure  86.  AIRCO  Ingot  No. 


These  results  suggest  an  explanation  for  the  variations*  observed  in  ingot  No.  4116.  It  is 
reasonable  to  assume  that  for  vanadium: 


VniHHttT  HUoy 
^ichUi  ^  i«[ion((*‘ 


=  constant 


and  for  aluminum. 


lAl,, 


alloy. 


+  Al.i 


Ti,„,„  +  Ti„ 


constant 


if. 


(^chip  ^master  alloy  I  ^  lAlfhip  Alpjaster  alloy 


It  is  therefore  reasonable  to  assume  that  aluminum  shot  is  the  variable  component  in  ingot 
No.  4116.  It  is  also  possible,  that  as  the  charge  in  the  feeder  is  increa.sed  from  a  nominal  1600  tb 
used  for  subscale  length  ingots  to  the  hopper  capacity  of  6,500  tb,  the  classification  of  the  feed 
stock  into  the  four  components  of  chips,  sponge,  master  alloy  and  shot  may  be  expected  to 
increase. 

Two  options  exist  for  improved  feeding  of  raw  materials:  (1)  selection  of  feedstock 
components  having  more  compatible  characteristics,  and  (2)  individual  feeding  of  each 
component  in  place  of  the  presently  used  premix  technique.  Raw  material  changes  to  attain 
better  component  compatibility  might  include  the  substitution  of  scrap  aluminum  machined 
chips  for  aluminum  shot,  or  the  substitution  of  low  oxygen,  titanium/aluminum  master  alloy  for 
aluminum  shot.  On  the  basis  of  the  measured  constant  feed  characteristics  of  the 
aluminum/vanadium  master  alloy  in  both  dry  run  and  melting  experiments,  an  improvement 
may  be  expected. 

Preliminary  studies  of  the  potential  gains  to  be  obtained  by  the  feeding  of  individual 
components  of  the  raw  material  charge  have  been  made.  Several  systems  appear  to  be  able  to 
contribute  a  substantial  improvement  in  controlled  continuous  feed  of  melt  stock  to  the  hearth; 
however,  the  development,  construction  and  evaluation  of  this  concept  was  beyond  the  scope  of 
Phase  I  of  this  contract. 

The  oxygen  levels  in  both  ingot  No.  411,5  and  No.  4116  also  appear  higher  than  expected. 
Prior  experience  indicates  a  250-ppm  oxygen  pickup  in  casting  a  titanium  alloy  at  the  same 
throughput  levels  with  the  CHF-1200  furnace,  as  opposed  to  the  400-ppm  oxygen  pickup 
experienced  with  ingot  No.  4115  and  No.  4116.  The  furnace  vacuum  system  and  the  leak-up  rate 
were  both  considered  satisfactory;  however,  it  appears  possible  that  the  Ti-6A1-4V  scrap  chips 
contained  more  oxygen  than  AIRCO’s  in-house  cleaned  Ti-5AI-2.5Sn  alloy. 

(d)  Conversion  Technique 

AIRCO  converted  ingot  No.  4115  to  billet  and  finally  to  1-in.  round-corner  square  (RCS) 
barstock.  The  forging  was  accomplished  in  the  sequence  shown  in  Figure  87  with  the  furnace 
soak/reheat  temperature  at  20,50°F.  Billet  section  samples  were  removed  at  the  6-in.  RCS  size, 
and  selected  cross  sections  (Figure  88)  were  forwarded  to  P&WA  for  evaluation.  The  remaining 
billet  was  then  converted  to  1-in.  RCS  barstock.  using  a  hot  roll  rather  than  a  forging  operation. 
Figure  8.9  illu.strates  the  hot  roll  sequence  and  sample  identification,  and  Table  58  indicates 
material  accountability  record  for  ingot  No.  4115. 


‘Variables  refer  to  the  corresponding  elemental  weight  fractions  in  either  the  chips,  master  alloy  or  sponge. 
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(Bottom^  I  J  (Bottom) 


Figure  87.  Identification  of  Conversion  of  AIRCO  Ingot  No.  41 15  to  Bar  Stock 


RCS’  Billet-Cuttine  Layout  for  Samples  of  Ingot  No.  4115  Sent  to  P&WA 


TABLE  58 

AIRCO  INGOT  NO.  4115  CONVERSION 
MATERIAL  BALANCE 

Inttot  No.  4115  —  1232  th 

6  in.  RCS  Samples  36 

—  (weiRh*.  hot  top)  —  118  fotRed  to  6  in.  RCS 

—  (weight,  bottom)  —  240  no)  forged 

—  (eat.  wt.  1  in.  slice)  —  .39  structure  studv 

billet  799 

forged  to  1  in.  bar  stock  —  6.54  lb 

6.54 

‘  r  of  billet  to  bar  yield  =  -  =  82'. 

799 

Major  portion  of  losses  caused  by  flame  culling _ 


FURN  at  ISBO-F 
Bl|  3  I  4  {b2 

T4|  9  j  10  |t5 


B2  5  I  6  B3 


T3f  7  ;  8  (T4  T4[  9  \  10  (T5  T5|  11  (Hot  Top 

REMOVED 

3  3/4  in.  RCS  Cut  on  Dotted  Lines  and  Rolled  to  2  1/2  in.  RCS 

FURN  at  1750°F 

BtmJ__2^^_5  B1  1_1  12  13  14  15  16|l7|l8|l9  20  B2 

B2|2l|22|23|24[25|  [26|27|28|29|3^B3  T3|3l|32|33|34|35|36|  |37|38|39|40|41|42|t4 

T4  ^  ^  ^  46  47  48  49  50  51  52  53  54  T5 

Cut  as  Shown  and  Rolled  to  54  Pieces  1  in.  RCS  -  5  ft  Long 


Figure  89.  Identification  of  l-in.  RCS  Bar  Stock  Rolled  from  AIRCO  Ingot 
No.  4115 
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The  conversion  of  the  ingot  and  the  hot  rolling  was  accomplished  in  a  routine  manner,  and 
forgeability  was  rated  excellent.  A  minimum  of  surface  conditioning  was  required,  and  visual 
inspection  indicated  no  surface  cracking.  Details  of  the  forging  process  are  described  later. 
Approximately  400  tb  of  barstock  was  forwarded  to  P&WA  for  further  evaluation.  The  conversion 
of  ingot  No.  4116  was  cancelled. 

(4)  Evaluation  ot  AIRCO-Temescal  BB  Cold  Hearth  Melting  Method 

Eighteen-inch-diameter  ingot  No.  411.’S  was  hot-forged  to  I? '  i-in.  bar  and  bot-rolled  to  1-in. 
round -corner-square  (RCS)  barstock  at  AIRCO.  NDI.  chemistry,  metallographic  and  mechanical 
properties  evaluation  was  performed  by  both  AIRCO  and  P&WA. 

(a)  Conversion  Procedure 

Ingot  No.  4115,  18-in.  dia,  was  hot  worked  to  1-in.  RCS  following  the  sequence  shown  in 
Figures  87  and  89.  The  bottom  6-in.  was  cut  off  prior  to  hot  working.  A  1-in.  thick  x  18-in.  dia 
sample  was  then  cut  from  the  ingot  for  metallographic  analysis.  This  sample  was  subsequently 
cut  in  two,  and  half  delivered  to  P&WA. 

The  ingot  was  then  coated  with  glass  to  minimize  oxygen,  nitrogen  and  carbon  pickup, 
loaded  into  a  furnace  at  2050°F  and  held  at  temperature  for  8  hr  and  inverted  1  hr  before  the  first 
breakdown  pass.  Initial  breakdown  was  made  on  a  1.500  metric  ton  Loewy  cogging  press.  The 
initial  pass  was  made  not  exceeding  1-in.  per  side  (2-in.  over  the  dia).  No  .second  pass  was 
permitted  over  the  same  surface  of  the  ingot  at  any  stage  of  the  breakdown.  The  ingot  was  not 
forged  below  ISOO^F  to  ensure  forging  above  the  beta  transus. 

In  this  manner,  the  ingot  was  worked  down  to  14-in.  octagonal.  Reheating  as  required,  the 
ingot  was  then  worked  down  to  an  8-in.  RCS,  and  hot  chopped  into  two  equal  sections.  A  final 
breakdown  was  made  to  6-in,  round  corner  square. 

The  two  6-in.  RCS  billets  were  then  track  ground,  conditioned,  cut  to  appropriate  length, 
and  samples  cut  from  the  billets  (Figure  88).  Sample  .sections  were  .sent  to  both  AIRCO  Research 
and  P&WA  for  evaluation.  The  top,  approximately  150  lb.  was  not  forged  further. 

The  billets  were  then  loaded  into  a  furnace  at  I7,50°F  maximum  and  equalized  at 
temperature.  Each  billet  was  then  worked  down  on  a  1.500-ton  HPM  forge  pre.ss  to  (t  b-in.  RCS. 

After  cooling,  the  billets  were  spot  conditioned  and  reheated  to  19.50°F  maximum.  After 
equalizing  at  temperature  to  d  anneal,  the  billets  were  rolled  to  2.5-in.  RCS.  Upon  cooling,  the 
bars  Were  flame  cut  to  c.invenient  length  and  reheated  to  17.50°F  maximum.  After  equalizing  at 
temperature,  the  bars  were  rolled  to  1-in.  RCS,  straightened,  air  cooled,  and  sandblasted. 
Identification  of  bar?  was  maintained  throughout  all  stages  of  conversion:  approximately  400  lb 
were  sent  to  P&Wa  for  evaluation.  Bar  Nos.  6.  .50.  and  .52  were  sent  to  AIRCO  Research  for 
preliminary  testing. 

A  material  balance  of  AIRCO  EB  ingot  Nos.  4115  and  41 16  is  given  in  Table  .59.  As  ingot  No. 
4116  was  in  essence  a  repeat  of  ingot  No.  41 15,  it  was  decided  jointly  by  AIRCO  and  P&WA  that 
no  .additional  useful  information  could  be  gained  from  ingot  No.  4116.  Con.sequently,  this  ingot 
was  not  forged. 
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TABLE  59  i 

MATERIAL  BALANCE  OF  AIRCO  ELECTRON-  ' 

BEAM-MELTED  INGOTS 


Input 

AIRCO 

Ingot  No.  4 til! 
(tb)  CO 

AIRCO 

Ingot  No.  4  tin 
(tb)  CO 

Ti-HAl-4\^  Frankel  Chips 

.■>.S8 

38.8 

.173 

38.7 

Ti  Sjjonge 

719 

,10.0 

740 

,10.0 

«)A1-40V  Allov 

70 

4.9 

69 

4.7 

1/8  in.  Al  Shot 

91 

6.3 

98 

6.6 

Total  Blend 

14:i8 

— 

1480 

— 

Hearth  Skull 

2.16 

— 

:107 

— 

1694 

— 

1787 

— 

Left  in  Hopper 

1,1 

-- 

14 

— 

Total  Input 

1679 

1773 

- 

Output 

In^ot 

1292 

— 

1212 

Hearth  Skull 

:107 

__ 

:!,19 

— 

Total  Output 

i.i;i9 

— 

1.171 

- 

Melt  Uiss 

Melt  Kfficiency 

140 

91.7 

202 

88.6 

(h)  Analyses/Results 
Radiofiraph ic  Inspection 

Eighteen  rolled  “RI^S”  hnrs  were  radiographed  at  AIRCO:  bars  were  radiographed  at 

P&WA  using  a  sensitivity  detection  level  of  2‘'i .  This  sensitivity  was  validated  hy  the 
radiographic  detection  of  (1.02:i-in.  dia  WC  particles  placed  on  the  1-in.  HCS  bar.  No  high  density 
inclusions  were  detected  in  any  bars  at  AIRCO  or  P&WA. 

Chemical  Analysis 

The  l8-in.  dia  hy  IV2.5-in.  long,  12;V2-lb  ingot  No.  41 15  was  cut  7  in.  from  the  bottom  and  a 
1-in.  thick  section  removed.  The  6-in.  RCS  by  180-in.  long  forged  billet  w'as  sectioned  at  the 
bottom,  82.5  in.  from  the  bottom  and  25  in.  from  the  top  (ref.  Figure  88).  These  sections  were 
chemically  analyzed  by  AIRCO  at  center,  midradius  and  edge  locations. 

Data  generated  are  shown  in  Table  60.  These  data  indicate  consistent  uniformity  of  Fe 
composition  upon  traversing  from  the  ingot  center-to-OD  at  each  of  the  four  locations  examined, 
an  important  factor  in  minimizing  undesirable  beta  segregation.  The  low  propensity  for 
centerline  segregation  in  the  ER  melted  ingot  is  probably  due  to  the  relatively  shallow  pool  depth. 

Hydrogen  content  of  the  ingot  was  low.  but  as  expected,  some  increase  in  hydrogen  level  was 
obtained  during  the  forging  operation. 

The  1-in.  RCS  rolled  bar  Nos.  6,  .10,  and  52  (representing  the  bottom,  middle  and  top 
locations  of  the  original  ingot)  were  also  chemically  analyzed  by  AIRCO.  P&WA  performed 
similar  analysis  on  bar  No.  33.  These  bar  data  are  shown  in  Table  61. 

A  review  of  all  chemi.stry  data  shows  that  specification  chemistry  was  attained  except  for 
5  in.  of  ingot  bottom  and  25  in.  of  billet  top,  which  had  been  cropped  because  of  non -homogeneous 
ingot  feed  problems  involving  A1  additions. 


206 


TABLE  60 

CHEMISTRY  OF  AIRCO  NO.  4115  INGOT  AND  BILLET 


Al 

V 

(U't,  ' 

Fe 

c 

() 

N 

(ppm) 

H 

oi 

18*in.  Ingot  Slice  (7-in.  from  Bottom) 

Center 

6.72 

,'1.78 

(1,1  So 

,'i.'>8 

IS.'lO 

46 

12.4 

2277 

Midradiiis 

6.7:t 

,'i.7:i 

0.18 

.')64 

18.'’>9 

67 

9.0 

2917 

Edi^e 

6.H(t 

:i.7i 

o.n.'-i 

.'S.'il 

l9:io 

01 

1.2 

2974 

fi-in.  Billet  (2.'>  in,  from  Top) 

('enter 

.'■>.77 

:i.72 

0  18 

(i99 

2296 

61 

n.9 

2772 

Midratlius 

ri.Ho 

9.69 

0.18 

697 

I99S 

26 

29.6 

29(>9 

Ed>re 

rv9:t 

0.19 

(i(i2 

2996 

64 

99.6 

284;1 

6-in.  Billet  (90-in  from  Top) 

Center 

6.11 

.i.ixi 

0.21 

612 

188.7 

,72,7 

16.1 

2968 

Midradius 

6.1H 

9.96 

0.21 

(iOO 

1986 

64 

8  0 

2462 

Kdite 

6.22 

9.92 

o.2(» 

(i27 

2(Ki<; 

6r; 

46.7 

2666 

6-in.  Billet  iBott<»m) 

Center 

6.(iO 

9  97 

0.22 

6(V2 

1 866 

99 

l:i  .7 

227 1 

Midradius 

6.61 

9.!>0 

0.22 

609 

1810 

21 

9.0 

2290 

Kdge 

6.71 

9,82 

0.21 

672 

1806 

60 

29,4 

22)8 

'H-dA/-  A'  Siiecification  Max 

6.7*. 

■tfiO 

090 

100(> 

200<i 

600 

12.7 

Min 

r>.r>o 

9.r>(» 

“Of,  lOxy^en  K<|uivalent  1  0  -  1.2  N 

•  0.67  < 

TABLE  61 

CHEMISTRY  OF  ONE-INCH  RCS  ROLLED  BARS  FROM  AIRCO 
INGOT  NO.  4115 


Ti-Ml-lV 

Specification 

Hotled  Hi  'S  Bar  No 

Max 

Min 

6iAIHC(l) 

mAlKVO) 

ml'WA) 

.=i2(AIHVl>) 

Eli’m*'nt 

(•>) 

Ci) 

('.) 

(M 

('<) 

f-l 

Al 

0.7.7 

6.60 

6.22 

6.:14 

6.0 

7.64 

V 

4.60 

9.60 

.i.a-i 

9.i»2 

9.9 

9.90 

Si 

— 

-- 

- 

0.06 

Fe 

0.90 

- 

0.21 

0.2! 

0.16 

0.22 

0 

(1.20 

0.187 

0.191 

0.19 

0.206 

(' 

0.10 

- 

o.a7,i 

0.069 

0.06 

0.066 

N 

0.05 

_ 

0.00.76 

0.0064 

0.009 

0.(X1.77 

H 

(1.(117 

— 

0.(KM7 

0.(X)07 

0.009 

o.(xi:i6 

B 

- 

_ 

- 

•  0.002 

Cl, 

- 

- 

- 

- 

F’b 

— 

- 

•  0,001 

— 

W 

- 

— 

•  0.06 

Ch 

— 

- 

- 

•  0.06 

Zr 

— 

-- 

- 

<  0.01 

- 

Sn 

— 

- 

— 

■  0.01 

-- 

Ni 

— 

- 

— 

- 

■  0.1 

Mo 

Mn 

Cr 

- 

•  0  06 
■  0.005 
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Mvtallo^raphic  Analysis 


A  transverse  section  of  the  18-in.  dia  ER-melted  infjot.  taken  7  in.  from  the  iiifjot  bottom, 
was  macroetched  for  structural  analysis.  Figure  90  shows  equiaxed.  ().2!i-in.  grain  size  with  no 
evidence  of  columnar  grains  as  normally  found  in  arc-cast  ingots.  Apparently  the  minimal  pool 
depth  of  the  KB  ingot  influences  the  solidification  rate  and  pattern  to  obtain  the  aforementioned 
desirable  equiaxed  structure. 


Etchant:  5%  HF 

FD  171652 


Figure  .90.  Trartsverse  Maerostructure  of  AIRCO  Electron  Heam-Meited,  IH-in. 

Diameter  Titanium  Ingot 

A  typical  macroetch  of  one  of  the  sections  taken  from  the  fi-in.  KC.S-forged  billet  is  shown 
in  Figure  91.  Grains  are  equiaxed  averaging  1/16  in.,  and  slightly  small  at  the  billet  surface 
compared  to  billet  center. 

Figure  92  shows  typical  transverse  photomicrographs  of  the  1-in.  H('S  rolled  bar  showing 
equiaxed  alpha  structures.  Upon  heat  treating  at  ITBO^F/H  hr/AC.  the  structure  was  transibrmed 
to  a  globular  primary  alpha  in  a  tran.sformed  beta  matrix  as  shown  in  Figure  9:!.  No  areas  of  al|)ba 
or  beta  segregation  were  found  in  the  1-in.  RCS  rolled  bar. 
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maximum  iron  level  of  0.22‘'r  in  one  of  the  suspected  regions  in  accord  with  an  average  iron  level 
of  0.2''(  in  the  ingot.  Banded  structures  can  be  eliminated  by  a  higher  final  annealing 
temperature,  beta  annealing  during  forging  and  lower  finishing  temperatures. 

Mechanical  Properties 

Tensile  specimens  of  0.252-in.  dia  and  1-in.  gage  length  (AIRCO)  and  0.190-in.  dia  by 
1.3-in.  gage  length  (P&WA)  were  tested  according  to  ASTM  specifications.  Notched  stress 
rupture  specimens  were  machined  according  to  ASM  specification  with  a  notch  root  diameter  of 
0.178  in.  and  a  root  radius  of  0.006  in.  (AIRCO  and  P&WA).  A  load  was  applied  to  produce  a 
stress  of  170  ksi.  Charpy  V-notch  impact  specimens  had  dimensions  of  0.394  by  0.394  by  2.2  in. 
with  a  45-deg  notch  angle. 

Room  temperature  tensile  data  generated  by  AIRCO  and  P&WA  are  given  in  Table  62. 
These  data  all  exceed  specification  minimums;  the  normal  influence  of  aging  temperature  on 
strength  and  ductility  is  apparent. 

Notched  stress  rupture  testing  performed  at  r(X)m  temperature  exceeded  the  specification 
minimum  life  of  5  hr  (with  the  test  then  discontinued)  for  the  1740°F/1  hr/WQ  +  1300°F/2  hr/AC 
(AIRCO)  and  the  HSO^F/l  hrAVQ  +  1300°F/2  hr/AC  (P&WA)  heat  treatments. 

Charpy  impact  strength  was  determined  by  AIRCO  as  a  function  of  temperature;  data  is 
presented  in  Figure  95.  The  typical  range  of  impact  data  was  also  plotted  in  Figure  95  for  general 
information.  AIRCO  impact  data  was  comparable  to  the  reference  data. 

TABLE  62 

ROOM  TEMPERATURE  TENSILE  DATA  OF  ONE- 
INCH  RCS  ROLLED  BARS  FROM  AIRCO 
INGOT  NO.  4115 


Bar  No. 

Heat  Treat' 

CTS 

t  ksi ) 

0.2' i  ys 

( ksi) 

El 

Ci) 

BA 

nj 

fi  (AIKCOI 

A 

t.aii 

21 

42 

an  ( AIRCO  1 

A 

i.ai 

17 

41 

.y  (AIRCOt 

A 

I.M 

142 

2) 

42 

«  (AIRCO) 

B 

I7.'> 

)(' 

2H 

an  (AIRCO) 

B 

ISO 

172 

in 
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Figure  95.  Irnpact  Strength  of  I -in.  Round-Corner-Square  Rolled  Titanium  Bar 
from  AIRCO  Ingot  No.  4115 

3.  Phase  I  Teledyne  Nonconsumable  Rotating  Electrode  Melting  System  —  Conclusions 

Teledyne-Allvac  has  completed  the  requirements  ol'  Air  Force  Contract  F33615-72-r-l  126 
for  evaluation  of  nonconsumahle  melted  imnium.  Results  of  this  program  are  pertinent  to 
strategic  materials  reclamation  objectives  under  this  contract.  The  conclusions,  as  reported  in  the 
Teledyne-Allvac  testing  program  of  Ti-6A1-4V  mill  products  made  from  nonconsumahle  skull 
melted  material  has  demonstrated  the  following: 

1.  Nonconsumahle  skull  melting,  followed  hy  either  one  or  two  consumable 
remelts,  effectively  eliminates  nitride  type  inclusions, 

2.  All  high  density  inclusions,  such  as  tungsten  c.arhide  tool  hit  particles,  are 
apparently  removed  provided  they  enter  the  molten  pool. 

3.  High  ratios  of  revert,  either  machining  chips  or  solid  scrap,  may  he  used 
provided  foreign  alloy  contamination  and  interstitial  elements  are  at 
acceptable  levels. 

4.  Single  consumable  remelting  of  nonconsumahle  process  electrodes  results  in 
better  chemical  homogeneity  than  double  consumaiile  remelting. 

fi.  Microstructural  nonhomogeneity  (i.e.,  areas  of  beta  stabilization!  increases 
with  residual  element  content  and  is  more  prevalent  in  double  remelted  than 
in  single  remelted  heats, 

ti.  The  manufacturing  costs  for  nonconsumahle  melting  exceed  those  for  the 
conventional  process  lelectnide  fabrication  plus  consutnable  melt),  but 
overall  cost  savings  result  Irom  the  ability  tti  use  lower  cost  scrap  Ibrms  and 
through  elimination  of  mill  product  losses  lor  inclusion  detects. 
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An  evaluation  of  engine  hardware  produc-id  from  both  single  and  double  renielted  'I'i-BAl- 1\' 
has  demonstrated  the  potential  of  the  process  to  produce  material  with  iicceiJtahle  (piality  and 
mechanical  properties.  However,  due  to  the  limited  scope  of  I,('F  testing  on  forgings  with 
preferred  microstructure  there  was  insufficient  data  to  reach  a  firm  conclusion  its  to  the 
acce|)tahility  of  nonconsumahle  melted  material  for  rotating  parts  in  Itirhine  engines. 

2.  Phase  I  AIRCO-Temescal  EB  Nonconsumable  Melting  Process  —  Conclusions 

Ingots  were  melted  and  direct  chill-cast  hy  a  single  pass  in  an  AIKCO  KH  furnace  with  a 
chariie  comprised  of  .19' :  'I'i  scrap  chips.  I'pon  review  and  analysis  of  till  t  he  aforemeni  ioned  dat;t. 
onr  I’hiise  I  conclusions  are: 

I  Seeded  \V('  tool  hit  contamination  was  comiiletely  separtiled  to  give  an 
nnconi  aminated  ingot . 

('hernical  specification  levels  were  .■illtiined  with  the  e.xceplion  of  both  ingot 
ends. 

o.  Nimhomogeneous  ittgot-end  chemistry  li.e..  .All  must  he  resolved;  feed 
ssstem  itltenii i<in  is  a  likely  corrective  action. 

I.  Desiriihle  inuot  homogeneous  macrostructure  (epuitixed  and  rehitiveK’  line 
graitii  ;tnd  bar  microstructures  were  attained, 

.All  mechanictil  property  data  generated  (tensile,  stress  rupture,  impact! 
exceeded  applictible  specification  minimums. 
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SECTION  VIII 

SCRAP  MANAGEMENT  SYSTEMS 


A.  SURVEY  OF  AEROSPACE  SCRAP 

Precontract  research  by  P&WA  revealed  inadequate  published  information  concerning  the 
generation  and  disposition  of  aerospace  titanium-  and  nickel-base  scrap  metal;  consequently,  a 
survey  of  aerospace  scrap  was  established  as  a  major  element  of  the  Phase  I  management  portion 
of  the  contractual  effort.  Analysis  of  this  type  of  survey  should  provide  answers  to  many  of  the 
existing  questions  on  scrap  generation  and  usage; 

•  What  con.stifutes  aerospace  scrap  metal  and  where  does  it  originate? 

•  What  are  the  physical  forms  of  this  scrap? 

•  What  levels  of  quality  are  generated? 

•  What  aerospace  scrap  is  generated  at  the  melters'  plants? 

•  What  total  quantities  are  generated  and  how  do  the  quantities  compare  with 
anticipated  quantifies? 

•  What  is  the  disposition  path  for  aerospace  scrap  metal? 

•  Does  export  of  aerospace  metal  have  a  major  or  minor  effect  on  domestic 
melting? 

•  What  are  the  possibilities  of  recycling  ECM  sludges  and  various  grindings? 

•  Can  aerospace  scrap  usage  be  increased  for  critical  aerospace  applications? 

The  basic  objectives  of  the  scrap  survey  were  to  determine  the  quality,  quantity  and 
disposition  of  the  titanium  -  and  nickel -base  .scrap  generated  by  the  American  aerospace  industry. 
A  significant  portion  of  the  survey  work  was  subcontracted  to  Suisman  &  Blumenthal  Inc.,  a 
Hartford.  Ct.  aerospace  scrap  dealer/processor  with  extensive  experience  in  plant  service  scrap 
removal,  processing  and  marketing  of  titanium-  and  nickel-based  scrap. 

This  survey  comprises  three  major  sections;  ( 1 )  background  information/industry  contacts, 
(2)  aerospace  questionnaire/inquiry  and  results,  and  (3)  potential  improvement  of  aerospace 
scrap  recycling. 

1.  Aerospace  Background  Information/Industry  Contacts 
a.  Aerospace  Scrap  Sources 

.Scrap  metal  is  generated  at  all  points  in  the  raw  material  Howpath  from  ore  to  final  product 
and  finally,  uptm  obsolescence  of  the  final  product.  The  great  majority  of  scrap,  however,  is 
generated  from  three  sources,  defined  as  follows; 

Sourer  (I>  hu’ot  I’niduction  Scrap  ~  Scrap  generated  by  melters  during  ingot  production 
(i.e..  end  croppings,  collars  and  turnings);  averages  .b'l  of  the  total  melted  material  (ref.  I). 
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Source  (2)  Ingot  Conversion  to  Mill  Products  Scrap  —  Scrap  generated  during  conversion  of 
ingot  to  mill  product,  i.e.,  bar  and  billet  ends,  sheet  and  plate  trimmings;  averages  35-40'  ;  of  the 
ingot  weight.  The  ratio  of  solids  to  chips  for  ingot  production  and  conversion  scrap  is  estimated 
to  be  70/;3(). 

Source  (3)  Mill  Products  to  Manufactured  End  Products  Scrap  —  Scrap  generated  by 
forgers  and  machine  shop/fabricators  during  manufacture  of  final  end  products,  i.e.,  forgings, 
finished  components,  averages  70-75'(  of  the  mill  product  weight,  and  is  estimated  to  have  a 
30/70  ratio  of  solids-to-chips.  A  portion  of  this  scrap  is  generated  in  a  form  which  is  highly 
susceptible  to  physical  loss  or  has  such  a  low  recovery  potential  that  it  is  disposed  with  no 
accountability  (e.g.,  fines,  sludge.s,  chemical  removal  products).  The  percentage  of  scrap 
estimated  to  be  in  this  “material  loss”  category  is  15-20''(. 

b.  Home  Scrap  Generation  and  Disposition 

Scrap  metal  generated  by  Sources  (1)  and  (2)  is  called  “home  scrap"  because  a  majority  of 
this  scrap  is  of  identifiable  composition  and  of  suitable  quality  for  direct  in-house  recycling  to 
ingot,  ft  is  estimated  that  7.5'V  of  this  .scrap  is  recycled  to  ingot,  while  the  remaining  25';  is 
disposed  to  the  open  market  or  is  considered  as  material  lost.  This  scrap  accounts  for  4()-.50'(  of 
the  ingot  weight. 

As  an  example,  approximately  58  million  lb  of  ingot  were  actually  produced  in  1973.  of 
which  .50  million  tb  w-ere  constimed  (inventory  balance  ^  8  million),  while  about  30  million  lb  of 
mill  produce  were  made.  The  resultant  home  scrap,  i.e..  Sources  ( 1)  and  (2).  was  estimated  at  20 
million  lb  (40‘;  t'f  the  consumed  ingot  weight),  of  which  15  million  lb  (75'/)  wa.s  internally 
recycled. 

It  is  cost-effective  for  melters  to  close-loop-recycle  home  scrap  back  to  ingot  where  possible. 
Princi()al  restraints  to  remelting  of  home  scrap  include  the  problem  of  alloy  intermixing, 
unusable  scrap  forms,  and  customer  limitations  on  .scrap  usage. 

c.  Open  Market  Scrap  Generation  and  Disposition 

Scrap  metal  generated  by  .Source  3  (forgers  and  machine  shott/fahricators)  accounts  for  the 
majority  of  open  market  scrap,  i.e..  scrap  disposed  to  scrap  dealer/processors.  This  scrap  is 
|X)tentiallv  upgraded,  and  made  available  for  competitive  purchase  by  the  aerospace,  steel  and 
aluminum  industries.  Open  market  scrap  is  the  largest  category  ol  recyclable  scrap. 

To  illustrate,  again  using  1973  titanium  prodiiclion  data,  an  estimate  may  be  made  of  the 
amount  of  aerositace  scrap  that  could  be  expected  to  lie  available  in  the  open  market. 
.‘Xltproximately  30  million  lb  of  titanium  mill  product  were  produced  in  1973.  Aerospace 
consumption  com|)riscd  approximately  8()-82'<  of  this  total,  Apitlying  the  previously  noted  scrap 
gener.ition  parameters  to  this  total,  including  8T,  aerospace  usage,  73'/  aerospace  scrap 
generation  and  17'/  material  lo.ss.  a  total  of  approximately  15  million  lb  of  titanium  aerospace 
serai)  'ould  have  been  expected  to  reach  the  open  market  in  1973,  assuming  no  hoarding  by 
fabricittors  (;i  very  limited  amount  of  hoarding  is  Relieved  to  occur).  This  (o(a)  mny  be  .somewhat 
increased  by  the  limited  disposition  of  nonrecycled  home  scrap,  and  by  the  obsolescent,  finished- 
part  open-market  scrap. 

similar  analysis  for  nickel  bii.se  idloys  is  more  difficult  and  less  precise  because  of  tbe 
mult iple  applicat ions  (or  nickel  alloys  and  the  hick  of  indust rv  stat  ist ics.  I  t ilizing  an  estimate  of 
1.5  million  lb  of  mill  product  consumption  by  aerospace,  and  the  above  scrap  generation 
piirameters,  a  total  of  27  million  lb  o(  nickel-base  scrap  could  have  been  e.vfiected  to  reach  (he 
o|)en  niiirket  in  197:i, 
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Open  market  scrap,  generated  chieny  Crom  the  aer()S|)ace  niantd'acturers.  is  the  flexihle 
supple  (if  raw  material  which  the  aerospace  melter  draws  upon  as  required.  Open  market  scrap 
is  almost  always  treated  hy  the  aerospace  melter  as  siqitilemenlal  to  virgin  metal  and  home  scrap 
generation.  When  the  aerospace  melter’s  furnace  is  operating  iit  high  capacity,  the  melter  hoys 
in  the  o|)en  market  at  a  high  volume  level,  heing  limited  chieny  hy  customer  scrap  limitations. 
During  iX“riods  of  low  production,  open  market  aerospace  scrap  purchases  are  seve.i'ely  curtailed 
or  eliminated.  In  general,  open  market  scrap  is  less  effecti^■elv  recycled  to  aerospace  ingot  than 
home  scrap  due  to  competitive  market  demands,  increased  quality  prohlems.  i.e.. 
identification/contamination,  and  less  desirable  scraj)  generation  forms.  It  is  estimated,  for 
example,  that  only  ‘2.'i  to  40' i  of  titanium  ojK'n  market  scrap  is  recycled  to  aerospace  ingot. 

During  the  last  two  years,  competitive  demand  has  tended  to  reduce  the  recycle  percentage 
towards  the  lower  end  of  the  range.  This  is  attrihotahle  to  the  high  demand  of  the  steel  and 
aluminum  industries  and  is  primarily  associated  with  the  increased  [iroduction  of  a  Ti  hearing 
steel  grade  (AISI  4091  for  automotive  catalytic  converters.  4'his  trend  is  likely  to  continue  in  the 
near  term  and  may  he  further  supported  hy  aluminum  industry  demand  associated  with  the 
introduction  of  aluminum  automotive  lilocks.  The  ratio  of  steel-to-aliiminum  demand  is 
currently  over  10  to  1.  It  may  he  expected  that  ;l0-40' .  ofTi  scraj)  diverted  to  the  steel  industry 
will  be  exported.  It  is  generally  the  lower  grade  fraction  which  receixes  this  disitosition.  f'urther 
insight  on  the  scrap  export  situation  is  |)rovided  in  a  following  section. 

Thus,  the  major  factors  influencing  titanium  .scrap  dis|)osition  are  scraj)  (juality  and  market 
demand,  how  grade  scrap  necessarily  moves  to  the  steel  industrx'  because  ol'  its  unaccei)tal)ility 
for  aerospace  recycle.  The  apjtetite  of  the  steel  industry  is  largely  satisfied  hy  low  gnide  scraj). 
Increases  in  steel  demand  and  establishment  of  methods  for  tqigrading  scrap  will  tend  to  increa.se 
the  comj)etition  for  aerospace  scraj). 

When  oi)en  market  an(i  home  scraj)  recycling  is  considered,  the  current  disi)osition  of 
aerospace  titanium  scrap  may  be  rei)resen(ed  as  follows: 


'ritanium  Aerosi)ace  Recycle  —  oO', 

Steel  Production  -  '^■50', 

Aluminum  Production  —  <  o'. 

Direct  use  for  other  titanium  i)roducts  —  <  .')'i 


The  disposition  of  nick  'l-hase  alloy  scrap  follows  a  trend  similar  to  titanium  with  the 
exception  that  a  higher  level  of  ojten  market  scraj)  is  recycled  due  to  less  stringent  quality 
requirements.  As  an  examjtle.  WC  tool  bit  contamination  in  nickel-base  alloy  scraj)  does  not 
inhibit  aerosj)ace  recycling.  (Infortunately.  (he  mul(if)le  industrial  a;)i)lication.s  for  nickel¬ 
bearing  alloys  j)recludes  accurate  determination  of  recycle  j)ercentage.  but  it  is  estimated  that  as 
much  as  7!i‘  i  of  the  high  nickel  aerosj)ace  grade  oj)en  market  scraj)  is  recycled  back  to  aerosi)ace 
ingot  via  scrap  dealer/i)rocessors. 

For  both  titanium  and  nickel  scrap,  the  vast  majority  of  scrap  generated  by  forgers  and 
fabricators  of  final  products  is  disjtosed  to  the  open  market  rather  than  disjrosed  in  a  clo.sed-looj) 
aerospace  recycle.  Although  disjrosition  to  the  oj)en  market  results  in  exposure  of  aerospace  scraj) 
to  non-aerosj)ace  distribution  avenues,  aerosjtace  comi)anies  have  shown  a  clear  j)reference  for 
this  apj)roach  based  on  the  following  factors: 

•  A  reluctance  of  aerosjrace  comj)anies  to  exj)end  effort  and  investment  in  the 
handling  and  upgrading  of  scraj)  metal,  which  is  the  by-i)roduct  rather  than 
j)roduct  of  their  oj)eration; 

•  The  difficulties  in  j)roviding  guaranties  of  j)remium  aerosj)ace  scrap 
chemistries  and  in  marketing  all  of  the  non-j)remium  scraj)  grades: 
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•  A  reluctance  to  cope  with  the  unpredictable  nature  of  a  scrap  market,  which 
may  require  holding  of  scrap  to  achieve  a  reasonable  value. 

d.  Export  of  Open  Market  Scrap 

The  export  status  of  aero.space  scrap  is  significant  to  the  subject  of  potential  domestic 
shortages,  'I'he  preponderance  of  Free  World  ingot  production,  both  for  titanium  and  high  nickel 
alloy  is  lt)cated  within  the  continental  U.S.  The  highest  use.  and  normally,  the  most  attractive 
price  for  these  scrap  metals  is  within  America. 

In  aerospace  scrap  metals,  as  in  most  other  scrati  metals,  the  domestic  handlers  of  scrap 
prefer  to  ship  domestically.  Several  reasons  exist  for  domestic  preference.  The  shipments  are  for 
shorter  distances,  and  therefore,  freight  rates  are  lower.  Packaging  is  usually  simpler  within  the 
domestic  market  than  “for  export”  packaging.  The  mechanics  of  selling,  i.e..  the  language, 
specifications,  contracts,  are  normally  far  easier  to  handle  domesticallv.  Financial  problems  and 
risks  are  diminished  if  domestic  sales  can  he  consumated. 

Since  the  major  markets  are  in  America  and  shippers  prefer  to  avoid  export  shipments,  the 
overwhelming  quantities  of  aerospace  metals  which  can  he  melted  here  remain  in  the  continental 
I'.S.  However,  exports  do  occur  in  aerospace  scrafi  metals  if  a  given  scrap  grade  is  not 
competitively  re<|uired  by  I’.S.  melters  or  (on  a  tem|>orar\-  basis)  the  I’.S.  melters  cannot 
consume  all  the  aerospace  scrap  metal  being  generated. 

The  degree  to  which  titanium  or  nickel  alloy  scrap  was  exported  is  difficult  to  ascertain.  A 
tabulation  of  ex()orted  titanivim  alloys  (unwrought  waste  and  scra|>)  a\’eraged  4..'i94.000  th  per 
year  between  190(1  and  1970  (November): 

Titanium  Unwroiight  Waste  and  Scrap,  Ex|>or)s 
(In  Thousands  of  tb) 


1900 . 11400 

1907 . 

190H . .0000 

1909 . 0004 

1 970  ( November) . 00:18 


One  problem  is  that  the  designation  of  (his  class  of  export.  “Unwroiight  Waste  and  Scrap” 
allows  the  inclusion  of  non-scrap  items.  Determination  of  which  shipments  are  in  reality  titanium 
scrap  is  very  difficult,  since  designations  for  theexjairted  item  are  often  ambiguous.  A  close  study 
of  the  monthly  1974  U.S.  Government  figures  showed  that  at  least  ‘’4'1  of  the  weight  was  clearly 
non-scrap. 

In  addition  to  the  lack  of  accurate  export  figures,  another  problem  is  the  type  of  scrap  that 
is  actually  being  shipped.  It  would  be  erroneous  to  assume  that  4,129.000  tb  (fi.fiOfi.OOO  v  75'  i' )  of 
meltable  scrap  were  exported  in  1968,  In  reality,  the  majority  of  the  scrap  metal  exported  was  in 
the  form  of  titanium  turnings,  and  as  such,  was  generally  not  acceptable  to  U..S.  titanium  ingot 
makers. 
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Similar  problems  arise  in  analyzing  the  export  of  aerospace  scrap  nickel  alloy  siTap.  1'he 
following  tabulation  of  exported  nickel  scrap  is  misleading  in  that  non-aerospace  grades  and 
low/medium  content  nickel  grades  are  included: 

Nickel  Waste  and  Scrap.  F^xports 
(In  Thousands  of  Ih) 


ipfif) . 

. 1.1,466 

1966 . 

. 11.7.52 

1967 . 

. 27.781 

1968 . 

. 11.48.5 

1969 . 

. 16.0.56 

1970 . 

. 19.091 

1971 . 

. 12.879 

1972 . 

. 16.50,5 

I97;i . 

.  I2..524 

As  in  titanium,  much  if  not  the  majority  of  this  nickel  alloy  scrap  could  not  find  melting 
application,  at  competitive  prices,  in  the  U.S.  Some  nickel  allov  sera))  has  cobalt  or  coitper 
inclusions  which  preempt  or  severely  limit  its  use  here;  other  grades,  especially  turnings,  are 
composed  of  several  intermixed  grades  which  I'.S.  alloy  melters  generally  decline  to  buy. 

To  summarize,  net  export  shipments  of  aerospace  scraj)  titanium  and  nickel  allovs  are  less 
than  the  totals  shown  in  government  statistics  and  they  represent,  overwhelniinglv,  met.-il  which 
cannot  he  readily  absorbed  into  the  I'.S,  aerospace  melting  systems  at  the  presemt  time,  To  the 
degree  that  these  exports  support  the  I'.S.  policy  of  free  trade  and  imiirove  the  I'.S.  balance  of 
payments,  they  serve  a  national  purpose.  These  exports  al.so  serve  to  keeii  open  the  channels  of 
imports:  and,  there  are  occasions  when  imported  aerospace  scrap  metals  may  be  of  crucial 
importance  to  domestic  melters. 

Participants  in  the  Strategic  Material  Reclamation  Seminar,  (see  Section  l\'l.  agreed  (hat 
these  open  channels  of  trade  should  he  maintained.  The  titanium  panel,  when  discussing  liiture 
trends,  stated  that  there  was  a  general  concern  “over  (he  im|iosition  of  market  controls  on  an 
international  commodity  such  as  scrap."  Similarly,  the  superalloy  (nickt'll  panel  recommentled 
that  “restrictive  legislation  of  the  scraj)  market  should  be  discouraged." 

e.  Grindings  and  Sludges  Generation  and  Disposition 

Industry  contacts  on  grindings  and  sludges  offered  disijosition  comments  such  as  “hauled 
away  for  nothing,”  “disposed.”  “landfill,"  and  “no  value."  As  di.scussed  later  in  .Sur\ey  Results, 
only  an  insignificant  quantity  of  these  wastes  were  reported  sold,  apparently  for  some  type  of 
recycling.  At  the  Strategic  Materials  Reclamation  Seminar,  the  sutteralloy  panel  stated  that  “the 
second  category  includes  unsegregated  low  grade  wastes,  such  as  KCM  and  KDM  sludges  and 
pickle  liquors  and  metallurgical  smokes,  which  would  have  to  be  treated  chemically  to  recover 
their  values.” 

The  answer  to  the  potential  for  recycling  lies,  unfortunately,  not  in  the  desirability  of 
reclamation  hut  rather  in  the  basic  nature  of  these  sludges  and  grindings.  1'hese  wastes  are  very 
often  intermixtures  of  a  number  of  alloys  of  titanium  or  of  nickel,  and  sometimes  both.  Almost 
always,  the  wa.stes  have  nonmetallics  intermixed  to  a  significant  degree;  in  the  case  of  grindings, 
for  example,  nonmetallic  abrasives  are  broadly  interspersed  through  the  waste.  Oil  and  water  are 
frequently  used  in  the  manufacturers’  processing  and  high  moisture  contents  arc  characteristic  of 
RCM  and  EDM  sludges.  The  actual  metallic  content  may  be  remarkably  low,  less  than  20' i  of 
(he  weight  since  some  of  these  wastes  are  oxidized. 
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Currently,  none  of  this  material,  or  very  little  of  it,  finds  its  way  to  airmelt  or  even  refinery 
remelting  today.  The  heterogeneous  nature  of  sludges  and  grindings  and  their  frequently  low 
metallic  content  implies  that  remelting  will  not  be  cost-effective;  to  state  the  reverse,  there  are 
many  alternative,  less  expensive  primary  and  secondary  melt  materials  available  for  remelting  at 
this  time. 

The  reclamation  of  grindings  and  sludges  as  applied  to  aerospace  recycling  seems  distant. 
Reclamation  processes  are  being  considered,  and  technological  advances  and/or  national  metal 
shortages  may  develop  which  would  elevate  these  sludges  and  grindings  for  refinery  or  airmelt 
use.  but  their  present  use  for  aerospace  recycling  is  not  apparent. 

As  a  contrast  to  the  wastes  which  are  generalt'd  at  manufacturing  plants,  those  at  melters 
facilities  are  in  a  number  of  instances  recycled.  At  the  meller's  plant,  nickel  and  titanium  are  not 
normally  processed  together,  the  range  of  alloys  is  limited  and  the  moisture  is  low  if  present  at  all. 
Remelting  of  identifiable  grindings  is  utilized  for  the  melting  of  lower-grade  stainless  steels,  etc. 
In  summary,  grindings  and  sludges  have  some  disposition  to  the  less-critical  stcel/stainless 
remelting  sources  but  have  not  attained  any  reclamation  disfsisal  to  the  aerospace  industrv. 

2.  Aerospace  Scrap  Ouestionnaire/inquiry 

The  key  element  of  the  survey  was  a  questionnaire/inquirv  direi  ted  l)\  the  prime  lontractor 
to  a  large  .segment  of  the  aerospace  industry.  The  (piestionnaire/inqniry  for  the  open  market 
survey  (Figure  90)  was  developed  jointly  by  R&VVA  and  the  scrap  processor  subcontractor 
Suisman  &  Rlumenthal,  Inc.  The  impiiry  was  directed  towards  a  determination  of  scrai) 
(]uantities  disposed  to  the  "open  market."  'I'he  survey  also  invited  information  on  in-house 
recycled  scraj)  in  order  to  enable  overall  raw-  material  accountal)ilily .  It  is  known  that  melters  and 
casters  effectively  recycle  in-house  scrap;  however,  actual  (plant it ies  recycled  are  frecpiently 
considered  (troprietary  by  these  industries,  and  therefore  an  incomiilete  response  to  this  portion 
of  the  survey  appeared  likely.  I'he  year  IffT.'t  was  chosen  as  a  baseline  because  that  year  appeared 
to  lie  a  typical  year  for  the  fluctuating  titanium  industry,  with  ingot  production  comparable  to 
that  of  the  previous  peak  in  19(>9.  yet  less  than  the  1974  output,  as  indicated  by  the  liillowing 
data: 


Millions  (>!  lb 


Yi'iir 

Infjol  Out  pul 

Mill  [‘nidurts 

1974 

7;(.:(2  est . 

:i.7.40  est. 

197;( 

.77.97 

29.70 

lf)72 

4tt,.7;( 

'27.27 

1971 

.'to. 711 

22.48 

1970 

49.411 

•29.02 

1909 

.7(1. 8.7 

21.88 

1908 

:t(l.(1.7 

'2:t.80 

The  nomenclature  used  in  the  (piestionnaire  was  based  on  delinitions  provided  by  the  scrap 
industry.  The  physical  forms  of  scrap  are  classified  broadly  as  "solids,"  "turnings,"  "grindings." 
and  "sludges."  Solid  forms  are  of  varied  shape  and  include  material  such  as  bar  ends,  sheet 
trimmings,  castings,  forgings,  rings,  etc.  Turnings  are  the  sbacings  from  various  machining 
o[)erations;  the  term  "turnings"  is  generally  interchangeable  witli  the  term  "chi|is."  although  a 
narrower  intertiretation  given  to  chips  is  crushed  turnings  "(Irindings  "  are  the  product  of 
grinding  operations  which  [iroduce  a  relativelv  dry  by  product.  ".Sludgi's"  covers  the  relatively- 
wet  liv-product  of  a  variety  of  operations  including  KDM,  KCM,  grinding  and  iiickling  baths. 
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Pratt  &  Whitney  Pircraft 


J  t.  Flynn 

Materials  Engineering  and  Research  Laboratory 
Pratt  A  Whitney  Aircraft 


11  Solids/Tumint  lnco90l 


If  a  significant  portion  of  your  purchased  titanium  is  machined  by  vendors,  what  is  the  _  _  _  _ 

estimated  total  of  this  out-of-house  scrap  in  pounds  (lbs.)  of  titanium  or  what  is  the 

estimated  %of  your  machining  done  out-of-house?  If  a  significant  portion  of  your  purchased  nickel-base  alloys  are  machined  by  vendors. 

what  is  the  estimated  total  of  this  out-of-house  scrap  in  pounds  (lbs  )  of  nickel  alloy 
or  what  is  the  estimated  %  of  your  machining  done  out-of-house*’ 


The  major  source  of  generation  of  aerospace  metals,  in  the  open  market,  is  the  "aerospace 
manufacturing  plant."  The  aerospace  manufacturing  i)lants  fall  into  five  major  categories: 
Airframe,  hmgine.  Aerospace  Flquipment.  Forgers  and  Machine  Shop/Kahrications. 

A  limited  amount  of  scrap  is  disposed  to  the  open  market,  i.e,,  to  aerospace  scrap  processors, 
by  melters.  casting  houses  and  final  product  users.  This  scrap  is  generally  of  a  poor  grade  for 
recycling  and  therefore  was  not  considered  in  the  main  body  of  the  survey.  Survey  data  received 
from  these  sources  was  anticipated  to  be  relatively  incomplete  due  to  the  reduced  interest  in 
maintaining  records  of  this  scrap  grade.  However,  a  summary  of  responses  received  from  these 
sources  is  given  as  suiiplementary  survey  information  Published  literature  and  industrial 
contacts,  particularly  in  the  scrap  proi-essing  and  melting  industries,  were  utilized  to  provide 
further  information. 

P&VVA  directed  the  scrap  quest ionnaire  iiupiirv  In  H.'!  aerospace-associated  companies  in 
various  industrial  categories  These  companies  re|)resenled.  ci>llecl i\ ely.  over  lit)'-  ot  the  scrap 
generation  lor  their  particular  industrial  group  I  Figure  !>7l  It  was  neci'ssarv  to  make 
extraixilat ions  ol  reported  daia  toobiain  complete  iiiduslr\  ilala  lor  subse(|ui'nl  analvsis  \  few 
sources  of  aeros|iace  scrap,  such  as  the  metal  powder  produi  ers.  were  exi  hided  Irom  the  survev 
because  o|  the  small  (|uaMIities  involved 

Following  the  original  siirvev  itiqiiirv  a  supplemcnial  siirvev  inquirv  w.iv  made  to  I1 
aerospace  companies  m  pi  rl  inenl  industrial  categories  to  determine  I  he  IdT  I  prodiicl  mn  i|uanl  it  v 
o|  litaniiim  and  nickel  base  grindings  and  sludges  The  supplemental  quest  lonn.nre  inqinrv  lor 
grinding  and  sludge  scrap  is  shown  in  Figure  Mh.  recipients  and  respondents  m  Figure  ‘ttt 

3.  Aerospace  Scrap  Survey  Results 

The  scrap  generation  data  obtaiiud  by  survey  was  sep.-irated  into  three  distinct 
grou|)s  lor  purpose's  of  analysis  and  summarv  : 

Summary  I  groups  the  information  on  scrap  solids  and  tiirnmgs  submit  ted  hv  t  hi-  ,\irt rattle. 
FngitU'.  .-Xerospace  h'(|uipment.  Fc  'ers  and  Machine  Shop  Fabrication  Industries  This  group 
accounts  for  all  the  aerospace  scrap  ..  enerated  from  the  processing  o|  null  prodin  i-  rhi-  si  rap  is 
the  mainlHidy  of  open  market,  potent ially-recyclablc  s<  rap 

Suru  ruar\  II  groups  the  informat  ion  on  open  market  scr.ip  solid  s  mid  turning-  -.ihmil  t  ed  h\ 
the’  Melting.  Casting  and  Final  Product  I'ser  Industries  This  si  rap  qmintiiv  data  is  presented  as 
a  separate’  sumtnary  because  it  represents  a  significant  1\  lower  qualitv  tvpe  and.  ,is  sm  h.  has 
(|uest tunable  re’clatnation  pole’titial.  It  has  bei’ii  previousK  noted  that  tnehets  .mil  casters 
efficientlv  recvcle  the’ir  home'  scrap  and.  the’relore-.  I  he  t ract  ion  o|  t  his  si  rap  releasfd  to  t  he  open 
market  is  like’lv  of  low  qii.ilit  v.  I  sedpart  si  rap.  alt  hough  \  ana  hie  m  qualitv.  i  e  ,  depetidetit  on 
proce’ssing  atid  service  historv,  h;is  generallv  been  tre-ati'd  as  a  high  risk  calegorv  tor  recvchng  to 
aerospace 

No  information  on  in-house’  reivcled  strap  Irom  tnehets  and  casters  has  heeti  presented 
because’  of  the  vmrv  iticomiih’te  input 

Summar\  III  groups  the’  inlormalion  on  grinding  and  sludges  submitted  bv  all  o|  the  above’ 
i lull  1st  rv  cat  egories  w  it  h  t  he  I’xcepi  ion  ol  Final  Product  I  sers  This  scrap  represent  s  a  specialized 
categorv  with  tpiest ionable  reclamation  potential 
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SCRAP  SURVEY  RECIPIENT  AND  RESPONDENT  LISTING 


TITANIUM 

NICKEL 

MACH./FAB. 

MELTERS 

MELTERS 

FORGERS 

CASTERS 

VENDORS 

•Timet 

•Special  Metals 

•Wyman  Gordon 

•Howmet 

•Rohr 

•RMl 

•Teledyne  Allvac 

•Reisner 

•TRW 

•Ex  cello 

Oremet 

•Carpenter  Tech. 

Ladish 

•Arwood 

•TRW 

•Crucible 

Latrobe 

•Cameron 

•Precision  Foundry 

•Teledyne 

•Crucible 

•Taylor 

•Jetshapes 

•Howmet 

•Stellite 

Alcoa 

Hitchiner 

Martin 

Universal-Cyclops 

•TRW 

REM 

•Cameron 

•American  Welding 

•PCC 

Ti-Wesi 

•Huntington 

•Monroe 

•Ti-Tech 

•Allegheny  Ludlum 

•Edgewater 

Cannon  Muskegon 

King  Fifth 

•Babcock  Wilcox 

•Carlton 

Simonds  Steel 

Airco  Viking 

Schlosser 

•McWilliams 

•SIFCO 

USERS 

END  USERS 

INDEPENDENT 

ENGINE 

AIRFRAME  AEROSPACE  AIRLINES 

MILITARY 

0/H  CENTERS 

•P&WA 

•Grumman 

•Rockwell  •American 

AFLC 

Cooper 

Int. 

Airmotive 

GE 

•McDonnell 

•Bendix  •United 

•Okla,  City 

•Pacific 

Airmotive 

•Allison 

•Boeing 

•Hamilton  ‘TWA 

•San  Antonio 

•Lycoming 

•Lockheed 

Pan  Am 

NAS  Norfolk 

•AiRescarch 

•Norihup 

•Eastern 

NAS  Pensacola 

TeledyncCAE  •(icncral 

•Delta 

NAS 

Dynamics 

Jacksonville 

Republic 

NAS  Alameda 

•Sikorsky 

•Ryan 

NAS  San  Diego 

•Bell 

Navy  ASO 

'Dclensc 

Supply 

Apcncy 


•Response  received 


F  D  1  7  1659 


i'lMuri'  St  rap  Siiri fy  l{,  tipirnt  and  Ri  spanih  n!  l.isltnn 
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NDINGS  AND  SLUDGES  SCRAP  RECLAMATION  QUESTIONNAIRE/INQUIRY 


■•lamatiun  Qui'stiimimirc/Inquiry 


SURVEY 


I  NICKEL  CONTAINING  GRINDINGS 
Amount 

(lbs  Of  gal& )  Source  Disposttion 

Mixed  Alloy 
Segregate  Alloy 


11  NICKEL  CONTAINING  SLLW;ES 
Amount 

tgals  I _  Source  Disposition 


111  TITANIUM  BASE  GRINDINGS 

Amount 

(lbs  or  gals  )  Viutlc  Disposition 

Mixed  Alloy  _  _  _ 

Segregated  Alloy 


IV  TITANIUM  BASE  SLUlXiFS 

Amount 

tg«tN  >  5k>uT>.e  Disposition 


FD  170372 


Figure  98.  Grindings  and  Sludges  Scrap  Reclamation  Questionnaire/Inquiry 
(Continued) 
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Titanium 

Melters 


Nickel 

Melters 


Forgers 


Casters 


Timet 

RMl 

♦Crucible 

♦Teledyne 

Howmet 


♦Special  Metals 
Teledyne  Allvac 
♦Carpenter  Tech. 
Crucible 
Stellite 
♦Cameron 
♦Huntington 
♦Allegheny  Ludlum 


♦Wyman  Gordon 
♦Reisner 
♦Cameron 
Taylor 
♦TRW 

♦American  Welding 
♦Monroe 
♦Edgewater 
♦Carlton 
McWilliams 
•SIFCO 


♦Howmet 

♦TRW 

♦Arwood 

♦Precision  Foundry 

♦Jetshapes 

♦PCC 

♦TFTech 


Mach. /Fab. 
Vendors 


Engine 


Users _ 

Airframe 


Aerospace 


♦Rohr 
•Excello 
♦TRW 

♦Northrup 
♦General  Dynamics 
♦Sikorsky 
♦Bell 


♦P&WA 

♦Grumman 

♦Rockwell  Int. 

♦Allison 

♦McDonnell 

♦Lycoming 

Boeing 

AiResearch 

Lockheed 

♦Response  received. 


FD  171661 

Figure  99.  Sludge  and  Grinding  Sureey  Recipient  and  Respondent  Listing 
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a.  Principal  Titanium  (Tl)  and  Nickel  (Nl)  Open  Market  Scrap  Data  (Summary  I) 


Summary- 1  information  is  presented  in  Tables  6.'i  through  74.  Tables  fi.'i  and  d4  present  the 
overall  quantity  information  for  titanium  and  nickel,  respectively,  while  Tables  (if)  through  74 
present  a  breakdown  by  alloy  type  and  character.  The  survey  goal  of  determining;  hard  facts  on 
the  quantity  of  open  market  scrap  was  largely  achieved  by  the  Summary  1  information. 

A  precise  determination  of  these  scrap  quantities  was  precluded,  however,  by  the  failure  to 
receive  a  few  responses  from  large  scrap  generators.  Included  among  companies  which  declined  to 
provide  data  were  a  large  engine  manufacturer  and  two  large  forgers.  Nonetheless,  the  estimated 
industry  totals  indicated  in  Tables  6d  and  64  are  believed  to  he  reasonably  accurate.  Estimates 
for  companies  which  did  not  respond  were  made  by  applying  a  ratio  of  product  output  io  pounds 
for  the  unknown  source  to  a  known  source  and  applying  this  ratio  to  the  scrap  quantity  of  the 
know'll  .source.  For  example,  the  total  weight  of  engines  produced  in  197.1  by  the  nonresjionding 
engine  maker  were  compared  to  the  total  weight  of  engines  produced  by  P&W’A  in  197:1,  and  this 
ratio  was  applied  to  the  total  quantity  of  P&WA  scrap  to  c'st imati*  i  heir  generated  scrap,  .Airframe 
estimates  w'ere  similarly  based  on  data  for  delivered  aircraft.  Forging  scrap  estimates  were  based 
on  production  ratio  data  for  both  titanium  and  nickel  allovs.  .Aerospace  ec)uipment  esti  )ales 
were  based  primarily  on  data  for  the  percent  consumption  ol  mill  produc  ts  by  aeros|)aci'  relative 
to  Flngine  and  Airframe  Manufacturers.  Estimates  for  Machine  Sho|)T'abricators  were  based  on 
the  premise  that  5.')'  .  of  Airframe/Engine/Aerospace  material  is  machined  labricatc'd  b\  oul-ol- 
house  vendors.  The  utilization  ol  the  on',  figure  was  based  cm  survey  responses  to  the  question  on 
out-of-hou.se  machining. 

The  overall  titanium  c|uantity  survey  results  (Table  6:ti  of  i:i.27.'t.O()('  lb  compares 
reasonably  well  with  the  l.o  million  lb  total  titanium  scrap  deduced  Irel,.  Open  Mitrket  Scrap 
Qitantities.  para.  .A-lc).  The  largest  potential  inaccuracy  in  the  estimated  data  would  be  in  the 
Machine  Shop/Fabricator  totals,  while  the  Engine  and  Forger  totals  woulci  bc‘  sul)iect  (o  some 
error  due  to  nonrespondents.  The  major  potential  error  in  the  deduced  figures  would  Ite  in  the 
assumed  material  loss  percentage  and  the  fact  that  some  197:1  scrap  was  generated  irom  1972  mill 
products:  1972  was  n  lower  production  year  that)  the  197:1  production  \ear  utilized, 

'I'he  results  for  the  nickel-base  scrap  quanlits'  lollou  a  pattern  similar  to  titanium.  The 
[Kitential  for  inttccuracy,  however,  is  considered  to  be  substantially  greater  for  the-  tiic'kel-basc' 
alloy  scrap  because  ol  t  he  multiple'  avenues  of  generation  tttid  clisimsit  ion,  and  t  he  large  numbs'r 
of  alloy  types.  .A  comparison  of  the  estimated  industry  total  \s  a  deduced  total  is  also  not  as 
meaningful  lor  nickel  because  of  a  lower  degrc'c  of  confidemee  in  c'ach  of  these'  figure's,  .A  significant 
e'ontributory  ftictor  to  the*  gre'iite'r  (iiffeTemce'  note'd  be'lwe'e'n  deduce'd  ami  e'stimated  nie  ke‘1  totals 
is  that  the  largest  generator  of  nie  ke*!  forging  se  rap  has  a  e'ai'tive'  melt  shop  and  hence  none  ot  t  his 
serap  enters  the  o()en  market. 

Tables  (io  through  74  give'  furthe'r  eiefinition  to  sera))  char;u  ter  as  a  function  of  the'  inelustrv 
generating  the  scra(),  Fotir  industries  proebu-e  relative'lv  e'epiivalent  epiant it ie's  ol  tlv.'  total  Ti 
scrap:  CIO',  Mae'hine  Shop  Fabrie’ators;  22-2:1'.  each  for  .-Airframe',  Engine'  and  Forge-rs).  Tbre'i' 
industrie's  proeluce  the  maior  e|uan(itie's  of  total  .\i  scrap  (:!9'  Engine,  :10'  Maehine 
Shoii/Fabricators.  27',  Forgers).  Fpon  apjilying  the'se  major  scraji  producing  industrii's  to  the'ir 
surveyed  record  of  segiegation  contamination,  it  may  be*  noted  that  onlv  the'  M.ie  hiiU' 
Sheep.'Fabricator  industry  ajqiears  to  have*  a  relatively  high  level  (40'  ol  tnixing  e'ont aminat ion 
tor  Ti.  .‘A  range  ot  10  :11',  mixing.'e-eintaminat ion  was  loemei  lor  tlu'  re'inaining  maior  scrap 
(irodiicing  industrie's  evhe'ii  ap[)lii'il  to  Ti  ,ind  \'i ,  'I'his  inqibe's  that  ineiust r\  si'gre'gat ion  is  act ive*. 
ve't  there-  s  ample  room  tor  inqirove'me  ni  in  all  inehislrie's  seirxe've'il 
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Using  a  similar  analysis  of  the  same  industries  that  produce  the  major  quantities  of  sc  rap, 
it  is  noted  that  three  of  the  industries  generating  the  major  quantity  of  titanium  scrap  (Machine 
Shop/Fabricators,  Airframe  and  Engine)  produce  mostly  turnings,  while  the  fourth  indvistry 
( Forger)  produces  mostly  solid  scrap.  Upon  consideration  of  the  product  line  of  each  industry,  this 
result  would  he  anticipated. 


TABLE  63 

QUANTITIES  OF  TITANIUM  ALLOY  OPEN  MARKET  SCRAP  VS 
INDUSTRY  CATEGORY 


Typv  ttf 
Incliistn 

.Vnm  her 

.Surrcvi'ti 

.‘nUH 

Hrspimsvs 

Scrap  (Ti) 
(Quantity 
Reported 
(th  ■<  KHH)) 

T(ft(il  Industry 
Scrap  S’nt 
Reported* 
('/■'.vf) 

Total  of 

Open  Market 
Industry  Scrap 

(th  X  Km) 

Airframe 

10 

H 

l»b44 

10 

Kngine 

fi 

4 

UKt9 

■x\ 

Aerospace 

Kquijnnent 

:t 

IH-J 

Ft  triers 

M 

IS:ll 

Machine/ 

Fabricat<»rs 

a 

17HH 

fvl 

'lot  als 

]:i27m 

*Inclu(les  scrap  nenetutod  tiy  rompnni'cs  not  rpsp«»ndint£  («>  (he  sunev  or  not  suncvci). 


TABLE  64 

QUANTITIES  OF  NICKEL  ALLOY  OPEN  MARKET  SCRAP  VS  INDUS¬ 
TRY  CATEGORY 


Type  of 
Industry 

Sun]  her  Survey 

Surveyed  Responses 

Scrap  (Ti) 
Quantity 
Rppiirtrd 
(th  ^  Itm) 

Total  Industry 
.SVrnp  Not 
Reported* 

'i  (Est) 

Total  of 
Open  Market 
Industry  Scrap 
(th  -x  KklOj 

Airframe 

10  H 

01 

JU 

101 

Kn^ine 

0  4 

4270 

0448 

Aerospace 

Equipment 

a  :i 

184 

Bo 

.721 

Forgers 

Id  II 

4471 

4470’* 

Machine/ 

Fabricators 

a  a 

714 

Ho 

484-1 

Totals 

.48  20 

8028 

1BI74 

*  Includes  scrap 

penorated  bv  (*i>mpaiiies  not 

rt-spontlint;  to 

the  survey  i>r  not 

surveyed. 

**  A  substfliilial  (juantify  of  nickel-basp  allov  scrap  internally  rccvclcd  by  aerospace  fori.ers 
tpre.snmably  to  captive  melt  shops)  is  not  included  in  these  finures, _ 
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TABLE  65 

AIRFRAME  INDUSTRY  TITANIUM  ALLOY  SCRAP  QUAN¬ 
TITY  AND  QUALITY 


Alhn  Spt'f 

Stilids 

(th) 

Turns 

(fh) 

T<ttal 

(th) 

(i/4 

787  ot) 

778870 

K.'i7428 

rv 

:«MUi 

4.^I.o(; 

7.0872 

0-2..") 

0 

0 

0 

(i-2-4-2 

0 

0 

0 

HM 

0 

0 

0 

(v(v2 

8727-1 

9289.00 

998244 

Other 

4.481 

.4247 

7828 

Mixed/0(mtnminateH 

2‘»9Hr)4 

4t»7802 

7(»7f?.ot? 

'rntals/'-  of  Total 

48()r>81/l8', 

2l84l;^’2'82^ 

2(U481.V 

•('ontain.‘J  27'.  ufL<e^jreg«fod/mix. 

TABLE  66 

ENGINE  INDUSTRY  TITANIUM  ALLOY  SCRAP  QUANTITY 
AND  QUALITY 


Alloy  Spfc 

Soltcis  * 

(Hy) 

Turns'* 

(th) 

Total* 

(th) 

8/4 

74.4.58 

8.5!M«t4 

944452 

(■  l>. 

11444 

■17718 

59152 

.0-2.5 

4.M.).4 

9-8)884 

988029 

8  2.4.2 

8 

P 

r> 

8.1.1 

4121 

5499 

8520 

8-8.2 

0 

n 

0 

Other 

p 

0 

0 

Mixed/('onf  am  mated 

!821<M) 

■1941(19 

8.58299 

'T'otals/'  .  of  Total 

298248'!  r'. 

24472P  V89'  - 

2H4:(.(.72-- 

'Includes  estimate  of  scrap  generated  hv  nonrespondents 
“(’ontains  25'.  unsegregated/mix. 

TABLE  67 

AEROSPACE  INDUSTRY  TITANIUM  ALLOY  SCRAP  QUAN¬ 
TITY  AND  QUALITY 


Allox  Sprc. 

Solids 

(th) 

Turns 

(W) 

Total 

(th) 

8/4 

4.287 

0 

4,287 

(M> 

1 .058 

0 

1 .058 

5 -2.. 5 

0 

0 

0 

8.2-4-2 

0 

1) 

0 

8.|.I 

0 

0 

0 

8-8-2 

0 

0 

0 

Other 

0 

0 

0 

Mixed/r  ontaminated 

40.162 

147.949 

178,101 

Totals/'',  of  Total 

44.487/24'.’ 

I47.94!4'7fi' . 

184,428* 

•Total  contain.s  98‘7 

unsegrega  t  ed/m  ix . 

TABLE  68 

FORGING  INDUSTRY  TITANIUM  ALLOY  SCRAP  QUAN¬ 
TITY  AND  QUAUTY 


Alloy  Spec. 

Solids 

(th) 

Turns 

(th) 

Total 

(th) 

tV4 

:142.1!KI 

1.122.940 

C.P. 

16.9:12 

i:i.:i48 

:10.280 

5-2. 

68,90r> 

ii:i.i74 

lH2.tt79 

7:1.82S 

:i4,ii(i 

I07.9:iri 

8-1-1 

IS.B.'S;! 

1.400 

20.o.'i:i 

B-(i-2 

102„'-.70 

0 

102.r.70 

Other 

n 

6.:«Ki 

Mixed/C'ontaminateci 

197.120 

259.fi20 

'rofrtis/'f  ot'Tota? 

1,  i:«).4.I.Vfi2'V 

701. . ■142'.' W- 

1.8.'11.777> 

*('ontains  14' <  unseKreKated/mix. 

TABLE  69 

MACHINE  SHOP/FABRICATION  INDUSTRY  TITANIUM 
ALLOY  SCRAP  QUANTITY  AND  QUALITY 


Alloy  Spec. 

Solids 

(rh) 

Turns 

(!h) 

Total 

(tb) 

6/4 

479.7.12 

■107.81.1 

887. .74.7 

7().7i:i 

1.:118 

TH.lVn 

.'i-2.ri 

AA.im 

47..'i|l 

6.2-4-2 

5hi 

:1.7I8 

4.279 

H-M 

:l  1.974 

.19.477 

18.14,'. 

0 

1 8.1  1.7 

Other 

(t 

0 

1) 

Mixed/rontnminated 

714.101 

'I'citals/'.  of  Total 

1.1.'i6.86.k;.'.'. 

l.7HK.H8‘r 

•('(inlains  -tO'.  tiiiseKrcBatod/mix. 


TABLE  70 

AIRFRAME  INDUSTRY  NICKEL  ALLOY  SCRAP  QUANTITY 
AND  QUALITY 


Alias  Spec. 

.Solids 

(th) 

Turns 

(th) 

Total 

(tb) 

Inconel  and  Inconel  X 

710 

0 

740 

Im-o  IKIl 

0 

n 

9 

A -286 

•>;% 

0 

25 

Hiistellnv  \ 

21 

0 

21 

Inc'»  718 

0 

{( 

0 

Rene  41 

(1 

0 

1) 

Waspnlov 

0 

(1 

0 

IN-lIH) 

0 

0 

9 

met -7(H) 

0 

i) 

9 

H-llKXI 

0 

0 

0 

lne*>  712 

0 

0 

9 

Kciie  80 

0 

i) 

9 

Inco  728 

0 

0 

9 

()t  her 

4:1. .7,72 

(1.999 

.59.551 

Mi  xeH/(’ont  unlimited 

U).25() 

2H,(M>9 

19.299 

'[’ofals  '.  <i{  TotHl 

.74.69:Vl«)'. 

2(;.99(V  U)' . 

91.997^ 

‘('(intiiins  44'-  unse^reKated. 

5nix. 
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TABLE  71 

ENGINE  INDUSTRY  NICKEL  ALLOY  SCRAP  QUANTITY 
AND  QUALITY 


Alloy  Spec. 

Solids* 

(Tb) 

Turns' 

(th) 

Total' 

(tb) 

Inconel  and  Inconel  X 

2:17.880 

:126,140 

In  CO  901 

47.841 

1.118.4i:i 

1.166.2.44 

A-286 

87..19.‘i 

S04.6.76 

.492.0:)  1 

Hastelloy  X 

67:1,492 

107.680 

781,172 

Inco  718 

90.79.''> 

,447.918 

6.'is.7i:i 

Rene  41 

0 

0 

0 

Waspalov 

4I,.'104 

:19.'i.S42 

4:17.. '146 

IN-UXl 

0 

0 

0 

lMimet-7(Kl 

(1 

0 

0 

H-19(K) 

U.H.I 

0 

14.14.4 

Inco  718 

I9.7;i2 

0 

19.7')2 

Rene  80 

(» 

0 

0 

Inco  788 

0 

0 

0 

Other 

126.972 

27, .4.42 

1.44. .424 

Mi  xed/Oontamina  ted 

1.0:i2.264 

1.849.816 

'I’otals/'  f  of  Total 

2.(X)7.68ty:i4' , 

:i.972.18.V66', 

r>.979.87.r 

’Includes  estimate  of  scrap  generated  hy  nonrespondents 
’’(’ontains  unsegregated/mix. 


TABLE  72 

AEROSPACE  EQUIPMENT  INDUSTRY  NICKEL  ALLOY 
SCRAP  QUANTITY  AND  QUALITY 


All(n  Spec. 

Solids 

(tb) 

Turns 

(th) 

Total 

(tb) 

Inconel  and  Inconel  X 

:i:i,866 

0 

.4:1,866 

Inco  901 

0 

0 

0 

A-286 

:i8:i 

0 

888 

Hastellov  X 

2.026 

2.026 

2,026 

Inco  718 

:1.094 

1 ,8(X> 

4.894 

Rene  41 

0 

0 

0 

Waspalov 

60,:i7:i 

0 

60,:i7;i 

IN-KK) 

0 

0 

0 

rdimet-700 

0 

0 

0 

B-llKXI 

0 

0 

0 

Incd  718 

0 

0 

0 

Rene  80 

0 

0 

0 

Inco  788 

0 

0 

0 

Other 

0 

1 4:1 10 

14,810 

Mixed/!  'ontaminated 

<>7.297 

0 

67,297 

Totals/'  -  <if  T<»tal 

i67,o:mr. 

16.1  KVO'; 

188,149* 

’('cmtains  :17'-  unsegregated/mix. 

TABLE  73 

FORGING  INDUSTRY  NICKEL  ALLOY  SCRAP  QUANTITY 
AND  QUALITY 


Alloy  Spec. 

Solids 

(th) 

Turns 

(th) 

Total 

i!h) 

Incunel  arui  Inconel  X 

481.842 

780.02! 

Inca  !K)1 

1 48.<182 

:t.)r,.(UH 

4H8.750 

A-'JHt; 

247.828 

:tS.7.H:u 

Hastellov  X 

151.007 

IH-t.-na 

Inco  718 

881. 852 

758.188 

H<Mie  -11 

IT.Vitt! 

8.5Ht 

L'l.:tl.7 

Wa'^palov 

Ir>8.7(i4 

288.488 

8P2.282 

IN-KK) 

(1 

1.480 

1.480 

8, HIM) 

7.880 

B-HHK) 

1) 

0 

() 

IncD  7i;i 

0 

0 

0 

Ki'iu'  .><11 

0 

0 

0 

Inco  788 

(1 

0 

0 

()(htT 

0 

0 

0 

Mixed/(’ontaminated 

858.844 

888. (M)5 

'rotals/*.  of'I'otal 

i.iHi.a'H/a.v, 

2.!88.88Hfi5‘ , 

8.871.07‘P 

*('ontains  12*'  unscKrenated 

mix. 

TABLE  74 

MACHINE  SHOP/FABRICATION  INDUSTRY  NICKEL 
ALLOY  SCRAP  QUANTITY  AND  QUALITY 


.■t//(i\  .Spec, 

Solids 

(th) 

Turns 

(!h) 

Total 

<n>) 

Inconel  and  Inc<mol  X 

1 .70.7 

20.598 

T2:.m 

Iru'd  901 

ti.UM 

75.989 

82.182 

A.2H(i 

2;l.(IK7 

28.;<(i2 

49.(49 

Hastelltiv  X 

48.018 

:!4.H7;i 

80.889 

Inco  718 

i:t(i.:tt7 

7.082 

187.879 

lieiu'  41 

7(M1 

0 

7lM) 

Waspa  los 

7.274 

100.748 

108.020 

[\ KKI 

i(;.i 

0 

184 

(  (iiniei  700 

0 

0 

0 

0 

0 

0 

Inca  71H 

0 

0 

0 

Rene  80 

0 

0 

0 

Inco  788 

0 

0 

0 

Other 

5H.7(M) 

108.809 

185.015 

Mixed/Oonta  miontcd 

1K.870 

49.1.7H 

88,528 

rotals  ''  r  ot  r-rtal 

29:i..7ia'42' . 

421.087/58' , 

714.571V* 

*('ontnins  10',  unse^rejinled/niix. 

b.  Melters,  Casters,  and  UsersITi  and  Nl  Open  Market  Scrap  Data  (Summary  II) 

Summary  II  information  is  presented  in  Tat)le  75.  'I'hese  survey  data  are  supplemental 
results  of  a  limited  amount  of  scrap  generated  liy  the  Melters.  Casters  and  Final  Product  Users 
that  is  disposed  of  in  the  o|ien  market.  Final  Product  Users  are  defined  here  ns  airlines,  military 
and  independent  overhaul  centers.  This  scrap  (Table  75)  is  usually  of  low  grade  and  not 
coiulucive  to  aerospace  reclaiming.  Melters  tend  to  recycle  all  scrap  possible  in  their  internal 
closed  loop,  with  contamination  and/or  customer  rerpiirements  being  their  princiiial  limitations. 
'I'lierefore,  scrap  being  disposed  of  by  Melters  is  overly  contaminated  and  useless  for  aerospace 
reclamation.  Likewise,  scrap  being  disposed  of  by  the  aforementioned  Final  I’roducts  U.sers  is 
often  from  coated,  welded  and  contaminated  engine  and  airframe  components.  This  scrap  also  is 
of  |K)or  (luality  for  aerospace  reclamation. 
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TABLE  75 

SUPPLEMENTAL  SURVEY  QUANTITIES  OF  OPEN 
MARKET  SCRAP  FROM  CASTING,  MELTING  AND 
FINAL  PRODUCT  USER  INDUSTRIES 


7\p(’  of 

Industry 

umber 

Surveyed 

Survey 

Response 

Alloy 

Type 

(Quantity 
Reported 
(tb  V  I(HH» 

Melters 

rt 

.•> 

Ti 

2429 

9 

Ni 

8:i:i 

('asters 

9 

1 

Ti 

9 

' 

Ni 

76 

Kinul  Priidurt  llsers.^ 

IS 

9 

Ti 

7(1 

IS 

9 

Ni 

2(» 

"Includes  airlinos.  military,  and  inde^)endent  overhaul  centers. 


c.  Ti  and  Nl  Grindings  and  Sludges  Data  (Summary  III) 

Summary  III  information  is  presented  in  Table  76.  These  data  are  results  of  a  supplemental 
survey  conducted  with  44  companies  to  a.sse.ss  their  scrap  generation  activities  in  the  field  of 
grindings  and  sludges.  It  was  shown  clearly  by  some  of  the  19  respondees  that  minor  resale  value 
is  obtained  from  Ni  grindings  and  EDM  sludges;  no  resale  value  is  associated  with  Ti  grindings 
or  ECM  sludge  products  from  Ni  and  Ti.  No  information  on  the  relative  metal  content  of  this  type 
scrap  was  received;  therefore,  an  accurate  analysis  of  the  survey  to  estimate  metallic  quantity 
condition  was  not  possible. 

Ten  of  the  nineteen  respondees  reported  10.207,000  tb  and  207  gal.  of  sludges  and  grindings; 
the  remaining  nine  respondees  reported  none  or  unknown  quantities.  These  data  must  be  viewed 
cautiously  since  89'i  of  the  total  reported  was  from  one  source.  In  addition,  a  number  of 
respondents  implied  that  careful  records,  as  maintained  for  scrap  metals,  are  not  kept  since 
wastes  and  sludges  are  regarded  as  “rubbish.” 

This  lack  of  survey  information  mu.st  be  given  consideration  in  recognizing  the  survey 
incompleteness  of  Table  76.  Based  upon  discussions  with  survey  sources  and  others,  it  can  be 
expected  that  the  Ni  and  ECM  sludge  (Ti.  Ni  estimates)  is  several  orders  of  magnitude  low. 

4.  Potential  Improvement  of  Aerospace  Scrap  Recycling 

During  the  course  of  this  survey,  observations  were  made  and  constructive  criticism  and 
suggestions  were  offered  to  facilitate  additional  recycling  of  aerospace  scrap.  Many  of  these  areas 
are  semicriticisms  of  present-day  controls  applied  by  manufacturers  and  u.sers  regarding  the 
reuse  of  scrap  for  aerospace  applications. 


I 
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TABLE  76 

QUANTITIES  OF  TITANIUM  AND  NICKEL  BASE  ALLOY  GRINDINGS  AND 

SLUDGES  SCRAP 


Industry  Code 
Machine! 
Fabricators 

Per  Year 

Disposition 

A 

Nickel  Containing  Grindings 

24,000 

Hauled  away  -  No  recompense 

B 

Nickel  Containing  Grindings 

1,800 

“Vendor  Recycle”!?) 

Forgers 

A 

_ 

None 

_ 

B 

Nickel  Containing  Grindings 

25,000 

Hauled  awav  -  No  recompense 

Nickel  Containing  Grindings 

Data  not  available 

— 

Titanium  Containing  Grindings 

18,000 

Hauled  away  •  No  recompense 

Titanium  Containing  Sludges 

Data  not  available 

— 

C 

— 

None 

— 

D 

None 

— 

E 

— 

None  which  can  be  sold 

— 

F 

— 

None 

— 

G 

Nickel  Containing  Grindings 

25.000 

“Disposed" 

Nickel  Containing  Sludges 

17.000 

“Disposed" 

Titanium  Containing  Grindings 

.'I.OOO 

“Disposed" 

Titanium  Containing  Sludges 

0 

“Disposed" 

H 

Nickel  Containing  Grindings 

ia5,(K)0 

“Sell" 

Engine 

A 

“Sludges,  Grindings” 

llnknown 

Not  Sold 

B 

Nickel  Hydroxide.  ECM 

330.000 

Open  Market 

Titanium  Oxide,  ECM 

9.100.000 

I.and  Fill 

C 

Nickel  Containing  Grindings.  Wet 

260.000 

“Disposed" 

Nickel  Containing  Sludge,  ECM 

I’n  known 

"Dis|>o.sed" 

Titanium  Containing  Grindings 

Small  Amount 

“Disposed" 

Airframe 

A 

Nickel  Containing  Grindings. 

0.3'’;  Ni 

,5,3.000 

Di.s/tossl  company 

B 

Titanium  Base  Grindings 

5.000 

Burned  Itv  vendor 

Titanium  Base  Sludges 

207..500 

"Disposed" 

C 

Grindings  and  Sludges 

Unknown 

"Disposed  without  Comp." 

D 

Grindings  and  Sludges 

None 

E 

Titanium  Base  Grindings  (Wet) 

Small  Amount 

"Discarded" 

F 

Grindings  and  Sludges 

None 

Aerospace 

Equipment 

A 

Grindings  and  Sludges 

N(»ne 

236 


It  is  suggested  that  an  objective  assessment  be  made  of  present  controls  and  procedures  in 
view  of  the  cost-effective  potential  of  reclamation.  It  is  recognized  that  prudence  is  justified  and 
confidence  and  acceptance  of  unproven  procedures  is  attained  with  repetitive  success.  However, 
the  following  potential  areas  are  of  a  sen.sible,  progressive  nature  with  minimal  degrees  of  user 
offensiveness;  consideration  should  be  given  to  these  areas  for  improved  aerospace  scrap 
recycling: 

•  Segregated  Titanium  Turnings  —  Any  step  which  eliminates  the  presence  of 
dense  inclusions  will  tend  to  increase  the  use  of  titanium  turnings.  The 
increased  use  of  nonconsumable  and  EB  furnaces  should  also  increase 
aerospace  scrap  titanium  turnings  recycling. 

•  Cast  Superalloys  —  A  major  portion  of  scrap  from  cast  nickel  alloys,  often 
blades  and  vanes,  is  not  recycled  for  aerospace  scrap  use.  Efforts  to  find  ways 
to  include  these  valuable  alloys  in  the  aerospace  recycling  program  should  be 
fostered. 

•  All  Aerospace  Metals  —  Efforts  should  be  made  to  increase  the  allowable 
scrap  used  in  both  rotating  and  nonrotating  ])aris.  Majc'r  improvements  in 
processor’s  abilities  to  provide  guaranteed  chemistry  shoultl  be  considered 
when  considering  liberalized  specifications. 

•  All  Aerospace  Scrap  Metals  —  Efforts  can  and  should  be  made  to  increase  i  be 
quality  of  aerospace  scrap  metals  generated  at  aerospace  manufacturing 
plants.  Methods  for  accomplishing  this  are  spelled  out  in  the  Mociel  System 
program,  another  facet  of  this  Strategic  Material  Reclamation  Program. 

•  All  Aerospace  Scrap  Metals  -  (''onsideration  should  be  giceu.  where 
applicable,  to  relax  restrictions  that  recpiire  alli>ys  to  he  prodiued  only  from 
the  same  alloy  composition.  In  addition,  all  critical  material  specifications 
should  include  the  maximum  allowable  tramp  element  cotitent,  so  that 
melters  may  know  the  limits  for  those  major  alloying  elements  not  included 
in  a  particular  grade.  Both  of  the.se  suggestions  were  supported  at  the 
Strategic  Material  Reclamation  Seminar.  May  1971. 

B.  SCRAP  CONTROLS  REVIEW 

1.  Background 

P&WA  thoroughly  revieved  in-house  scrap  utilization  controls  and  tbereupirn  (onducled 
informal  surveys  with  representative  airframe  and  engine  tabricators  and  raw  material  suppliers 
to  establish  general  industrial  controls.  The  sensitive  and  fre(|uentlv  proprietarv  natiire  ol  these 
controls  precludes  specific  detailed  accounting  and  source  irient  iti(  at  ion  Howe\cr.  analvses  of 
these  data  did  enable  definition  of  the  controls  pri’sentlv  in  industrial  Migue  lor  the  utilization  of 
scrap. 

The  review  confirmed  that  the  controls  ap|)lied  bv  raw  materi.d  supplier-  In  themselves 
and.'or  controls  inifiosed  by  users  on  these  raw  material  suppliers,  represent  a  siamii,  uni  restraint 
to  the  increased  utilization  ol  scrap  although  a  trend  towards  control  rec',  ahiat  ion  i-  e\  ident 

.‘\s  might  be  expected,  the  raw  material  supplier,  recognizing  In-  tniani  i.il  iiuestmenl  in 
attaining  an  acceptahle  product,  exercises  initial  ludgment  on  iiliiizalion  o|  \.irions  (\|ies  and 
gTades  of  .scra|).  This  judgment  reflects  the  cost  ellei  t iveness  ni  -i  rap  ii-age  \s  the  inherent  risk 
ol  a  reiected  heat  due  to  material  chemical  and  inechanual  properlv  rei|inrenienls 
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A  broad  spectrum  of  additional  scrap  controls  may  then  he  applied  hy  the  user  which  raises 
from  severely  restrictive  to  mildly  controlled.  It  was  clearly  obvious  that  the  maximum  levels  ol 
applied  controls  are  the  direct  result  of  the  user’s  concern  with  critically  stressed  components.  .As 
the  criticality  of  the  component  application  diminishes,  so  does  the  deftree  of  control  ai)|)lied  in 
scrap  utilization. 

2.  Concept  of  Maximum  Control 

Maximum  control  implies  that  the  ii.ser  is  genuinely  concerned  with  accurately  estahlishiiif; 
the  “lineage"  of  the  raw  material  to  assure  supplier  repeatability  of  an  acceptable  raw  material, 
and  reduce  suspect  areas  if  unforeseen  problems  or  trends  de\elop.  Haw  material  “lineage  ”  is 
established  and  controlled  hy  various  lomhinations  of  material  specifications,  source  appro\als 
and  u.ser/supplier  agreements. 

a.  Raw  Material  Specifications 

Aerospace  Material  Specifications  (AMS)  are  used  to  specify  raw  material  form. 
Composition,  condition  (finish  and  heat  treatment),  mechanital  properties,  slniclure.  ijuality 
assurance  (samt)ling.  testing  and  tdentification  |)rocedures).  reporting  and  rejection  criteria,  etc. 
These  specifications  are  often  supplemented  with  similar  I'ser  Material  Siiecifications  when  the 
user  specifies  additional  recpiirements  to  the  AMS  specification. 

b.  Source  Approvals  and/or  UserlSupplier  Agreements 

VV'hen  a  user  is  genuinely  concerned  with  establishing,  approving  and  solirlifying  a  raw 
material  process,  i.e.,  deviations  require  user  approval,  the  application  of  source  ap|)roval  and/or 
user/supplier  agreements  is  generally  followed.  These  actions  can  limit  the  type  and  quantity  of 
scrap  Usage  that  is  applicable  to  specific  melters.  The  scrap  source  (dealer)  may  he  designated  via 
source  approval  based  on  approved  procedures  for  processing,  idem illcai ion  and  ipialiiy  control. 

3.  Concept  of  Reduced  Control 

Reduced  control  implies  that  the  u.ser  is  primarily  concerned  with  obtaining  raw  material 
that  consistently  attains  all  material  specifications  as  given  in  (he  AMS  and/or  I’ser  siiecificat ion 
requirements.  Control  is  not  normally  applied  on  the  melter's  operations  or  the  utilization  of 
scrap  by  the  melter.  In  this  area  of  reduced  control,  the  melter  assumes  full  resiionsihility  for  the 
choice  and  usage  of  scrap  within  the  guidelines  of  producing  itn  acceittahle,  saleable  irroduct. 

4.  Controls  Applied  to  Titanium  and  Nickel  Alloy  Scrap 

Survey  results  of  controls  applied  to  titanium  and  nickel  alloy  scrap,  using  a  rea.sonable 
interjiretation  of  control  from  maximum  scope  to  reduced  (minimal)  scope,  and  as  a  function  of 
scrai)  form,  are  summarized  in  Tables  77  and  78.  resj)ectively. 


237 


TABLE  77 

CONTROLS  APPLIED  TO  TITANIUM  ALLOY  SCRAP 


Scrap  Applied  Applied  Reduced  (Minimal} 

form _ Ctmfnd  Applied  Maximum  ('ontrol  f  *  Specification) _ Control  ^  Specification 

S(»lids  Sourcf'  In  bouse  serHp  admissible 

Purchased  scrap  admissible  up<iri  ^lealer 
source  approval 

Source  approval  includes  identiticatinn.  con¬ 
trols  and  processinji. 

Identification  bv  approved  spot  checking:  is 
adeipiale 

Melter  Aborted  heats  unacceptable.  Aborted  heats  unacceptable, 

Sheet  clippings  and  eobbles  unaccep 
table 


'lurnin^s  Source 


Melter 


Castings  ('aster 


Flame  cuttings  iinaiccfUable  unless  hvdride  Flame  cuttings  unacceptable, 
processed 

Melter  is  source  ajiproved  Melter  is  source  approved 

In-house  scrap  admissible  if  magnetic  tool 
bits  were  used 


Furebased  scrap  admissible  upon  dealer 
source  approval 

Source  approval  includes  identification,  mn 
tfols  and  prcK'esKing 

fVreeni  scrap  addition  sell  htniting  due  to 
spec  and  electrode  green  strength 

Melter  is  source  approved. 

In-house  mold  conlamiiiaied  castings  unm 
ceplahle 

In-house  aborted  casting  heats  unacceiuablc 


MclttT  is  sour<‘(*  approved 

Mold coniaminated  castings  un 
acceptable 

Aborted  casiiiig  heats  unaccep 
taliie 


Purchased  castings  not  presently  under  ton 
sideration 

Scrap  additions  in  final  melt  unacceptahle 

f'aster  is  source  approved  (  aster  is  souri  e  approved 

Dust _  Source _ Dust  and  grindings  unacceptable. _ flust  and  grindings  unac<^eptabie 
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TABLE  78 

CONTROLS  APPLIED  TO  NICKEL  ALLOY  SCRAP 


Scrap 

Form 

Solids 


Tumint's 


Costinys 


Applied  Applied  Reduced  (Minimal) 

Control  Applied  Maximum  Cimtnd  ( *  Specification) _ Control  Specifirgtion 

Source  In-house  scrap  admissible. 


Purchased  scrap  admissible  ii|M»n  dealer 

source  approval 

Identification  bv  approved  sp<fl  checking  is 
adetpiafe 

Melter  l.il>eral  allowances  granted  for  pur<  based 
scrap. 

Percent  scrap  addition  is  estal)li';hed  and 
approved. 

Melter  is  source  iipprov<  d 

S<iurce  In-house  scrap  admissible. 

Purchased  scrap  admi'>i>ible  upon  dealer 

sourte  approval 

Melter  Melter  is  soune  approve<l 

Source  Ifi  house  <astings  ailiUKMbh- 

Purchased  casting"  af)mj""ible  upon  d<-aler 
source  approval. 

('aster  Revert  must  lie  "ame  composition  iSome 

exceptions) 

Revert  of  gates,  risers.  >prue  .ups  admissible 

Revert  ot  hot  tops  Mr  Hash  p<»vvfler» 
unaccept  aliUc 

Percent  revert  additi<*n  is  (‘stabbshed  and 
approved. 

Revert  addition  in  final  melt  un  icceptabb- 
Caster  is  source  approved. _ 


Mellt'r  is  source  ajiproved 


Nbdter  is.  stnirci-  a[)|irovi-fl. 


Revert  ot  hot  tops  1 1  c.  na>li 
p. ivvderi  unaccept alile 


( 'uvi  i-r  is  soiin  e  ajiprnved 


5.  Summary 

In  general,  .'ntnrol.''  applied  to  scrap  iisatic  Tor  nickel  alloys  are  consideralily  less  severe  1  ban 
those  applied  to  titaninni  alloys.  Ni  alloys  are  more  tolerant  of  common  contaminant  souries 
such  as  frictional  or  heat  treat  scaling  li.e..  —  interstitial  contaminants)  and  Ir.ictured  tool  liits 
II  mi  pa  red  to  'I’i  alloys.  Also,  melt  pool  sampling  with  adjust  men!  of  \i  alloy  melt  ing  com|)osit  ion 
may  he  made  during  the  initial  induction  melting  step  to  accommodate  minor  compositional 
problems  due  to  scrap  additions.  This  adjustment  js  not  feasible  during  the  initial  arc  or  KH 
melting  associated  with  Ti  alloys. 

A  very  considerable  number  of  raw  material  user  rely  upon  the  i‘xperience  and  priucdures 
of  the  principal  users  with  regards  to  their  application  ol  maximum  controls  upon  raw  materi.d 
suppliers.  These  users  express  the  general  opinion  that  reasonable  procedures  and  controls  have 
been  established  and  are  in  daily  usage.  .Since  thtxse  u.sers  often  are  not  staffed  ath'iiualeh  to 
maintain  constant  vigilance  regarding  raw  material  controls,  it  is  advantageous  for  them  to 
utilize  existing  indu.strial  procedures.  This  enables  them  to  include  sjiecific  controls  lor  tht'ir  ouii 
usage  while  maintaining  minimal  surveillance.  This  “pseudo-utiix  ersar  leature  of  several  user- 
adopting  the  basic  maximum  raw  materials  controls  of  the  principal  users  cati  he  benefii  iai  to  the 
sviftpliers  since  standardization  of  procedures  is  always  attractive. 


SECTION  IX 


RAW  MATERIAL  CHEMISTRY 


A.  ANALYSIS  OF  TITANIUM  CHIPS 

Analyses  of  raw  material  Ti  alloy  chiiis  utilized  in  this  program  w'ere  performed  hy 
participating  subcontractors  and  hy  F&VVA.  Suhcontraclor  analyses  were  made  after  represen¬ 
tative  sampling;  P&WA  analyses  were  made  after  chips  were  consolidated  hy  nonconsumable  arc 
melting  into  cast  buttons. 

Table  30  summarizes  data  generated  on  raw  material  I'i  alloy  chips  of  medium,  high  and 
low  density  grades.  Consistent  analytic  agreement  was  attainerl  between  individual  subcontrac¬ 
tors  and  P&WA.  As  indicated  (Table  ;!()),  oxygen  level  is  consistently  about  oOC  above  the 
specification  level  of  0.2'(  maximum,  regardless  of  chip  density  level.  This  oxygen  contamination 
is  reasonable:  (1 1  Ti  billets  are  usually  heat  -treated  in  air  and  I  he  extertial  contaminated  laver  is 
removed  by  machining;  t2)  (■hi|)s  may  be  inadvertently  contaminated  by  excessive  frictional 
heating  during  preliminarv  machining  (.-peralions.  Table  .‘10  also  shows  that  the  Pe  level  was  often 
25  to  above  the  maximum  specification  level  of  0.2',.  Minor  increases  m  Ni  and  Cr  levels 

were  also  detected.  However,  previous  study  indi(  aled  that  O.-f',  contaminant  was  removed  from 
raw  chips  hy  magnetic  se|)aration.  This  implies  that  the  Fe  content  in  the  titanium  could  he 
attributed  to  contamination  b\  nonmagnetic  austenitic  stainless  steel  (AISI  200  series)  or  an  age- 
hardenahle  iron  base  alloy,  e.g.,  A-28fi  Tinidur.  The  only  discrepancy  in  Table  20  data  apjiears 
to  be  one  anal.vsis  of  0, 0(5'  .  Sn  for  the  medium  density  material.  This  analysis  was  later  re))eated 
in  duplicate  by  P&WA  with  vO.Ol',  Sn  detected. 

B.  ANALYSIS  OF  WASPALOY  CHIPS 

Table  79  compares  data  generated  on  raw  material  Waspaloy  chips.  Bi  content  was 
determined  to  exceed  specification  maximum  along  with  minor  presence  of  Id)  and  Sn  in  one 
analysis;  this  result  was  not  substantiated  in  a  re-analysis  at  P&WA.  Fhissibly  a  trace  of 
Cerrohend  (Pb-Sn-Bi)  potting  alloy  was  present  to  influence  the  Bi  level.  No  other  evidence  ot 
deviation  from  Waspaloy  specification  chemistry  was  detected  in  the  raw  material  chips 
analyzed. 


TABLE  79 

ANALYSES  OF  WASPALOY  CHIP 
RAW  MATERIALS 


Raw  Material  Chips 


PWA  1007  Spec. 

Frankel 

PWA 

(> 

18  to  21‘‘; 

19.35 

18.9 

Co 

12  to  15 

13.7 

13.0 

Mo 

3.5  to  5.0 

3.95 

3.9 

Ti 

2.75  to  3.25 

3.00 

2.8 

A1 

1.2  to  j  .6 

1.25 

1.2 

Zr 

0.02  to  0.12 

<  0.07 

0.06 

B 

0.00.3  to  O.OlO 

0.004 

0.005 

C 

0.02  to  0.10 

0.068 

0.04 

Mn 

0.75  max 

0.06 

0.006 

Si 

0.75  max 

<  0.05 

0.13 

S 

0.020  max 

0.003 

0.007 

Fe 

2.00  max 

1.07 

0.64 

Cu 

0.10  max 

<  0  05 

<  0.05 

Bi 

0.00005  max 

0.00055 

<  0.00003 

PI, 

0.0010  max 

<  0.0001 

<  0.0001 

Se 

~ 

— 

<  0.0001 

Te 

-- 

_ 

<  0.00002 

TI 

n 

- 

— 

<  0.0001 

r 

Ta 

_ 

<  0.05 

_ 

W 

— 

<  0.1 

_ 

V 

<  0.1 

Sn 

— 

<  0.05 

— 

Ch 

0 

— 

<  0.1 

— 

N 

Ni 

R* 

R 

R 

R*  -  Remainder 


SECTION  X 


RECLAMATION  TECHNOLOGY 


A.  AEROSPACE  INDUSTRY  REQUIREMENTS  FOR  RECLAMATION  OF  TITANIUM  AND 

SUPERALLOY  SCRAP  RECLAMATION 

1.  Analysis  of  Aerospace  Scrap  Survey 

An  analysis  of  the  Aerospace  Scrap  Survey  was  deemed  necessary  to  define  aerospace 
industry  requirements  for  separation  of  titanium  (Ti)  and  nickel  (Ni)  superalloy  scrap.  The 
surveyed  quantities  of  open-market  scrap  disposed  to  scrap  dealers/processors  showed  slightly 
more  Ni  scrap  was  generated  as  compared  to  Ti  scrap  during  the  1973  survey  year.  Specifically, 
alxiut  16.1  X  10*  total  tb  of  Ni  alloy  vs  13.3  x  lo*  total  tb  of  Ti  scrap  was  determined. 

An  analysis  of  the  industrial  controls  apitlied  to  usage  of  Ti  and  Ni  scrap  was  then  made.  It 
was  determined  that  controls  applied  to  scrap  usage  for  .Ni  alloys  are  considerably  less  severe  than 
those  applied  to  Ti  alloys.  Superalloys  are  more  tolerant  of  common  contaminant  sources  such  as 
fractured  VVC  tool  bits  and  frictional  or  heat  treat  scaling,  i.e.,  interstitial  contaminants, 
compared  to  Ti  alloys.  Also,  melt  pool  sampling  with  adjustment  of  superalloy  melting 
composition  may  be  made  during  tbe  initial  induction  melting  step  to  accommodate  minor 
compositional  problems  due  to  scrap  additions.  This  adjustment  is  not  feasible  during  the 
primary  melting  (arc  or  EB)  a.ssociated  with  Ti  alloys. 

This  implication  of  increased  aerospace  con.sumption  of  open-market  Ni  scrap,  as  compared 
to  Ti  scrap,  was  reinforced  by  industrial  contacts.  A  high  level  of  open-market  Ni  scrap  is  recycled 
due  to  less-stringent  quality  requirements.  Unfortunately,  the  multiple  industrial  applications 
tor  superalloys  precluded  accurate  determinath.n  of  recycle  percentage,  but  it  was  estimated  that 
as  much  as  7fi'i  of  the  high  nickel,  aerospace  grade  open-market  scrap  is  recycled  back  to 
aerospace  ingot  via  scrap  dealer/processors.  As  a  result,  it  became  increasingly  obvit.us  that  the 
aerospace  industry  has  a  predominant  need  for  a  cost-effective,  reliable  separation  of  Ti  scrap, 

1. e..  machine  turnings  and  chips,  as  compared  to  their  need  for  Ni  scrap  separation. 

2.  Scrap  Material  Selection  for  Phase  II 

On  the  basis  of  the  above  analv.ses  of  the  aero.space  scrap  survey,  the  Phase  II  program  effort 
was  redirected  to  separation  of  Ti  scrap  turnings.  Separation  work  on  Ni  scrap  turnings  was 
terminated;  however,  a  need  does  exist  for  recovery  of  Ni  grindings  and  sludges  which  presently 
attain  little  or  no  attention.  The  recovery  of  this  material  was  addressed  in  Phases  II  and  III  using 
a  two-stei)  process,  i.e.,  a  chemical  (molten  salt  bath)  plus  pyrometallurgical  (melting) 
procedure. 

B.  TITANIUM  DENSITY  SEPARATION  PROCESS  (FRANKEL  FLUIDIZED  BED)  PHASE  II 
1.  Background  Information 

The  Frankel  Co.  fluidized  bed  density  seitaration  process  was  selected  by  P&\V.\  for  further  y 

develoitment  under  Phase  II  on  the  basis  that  the  process  was  being  used  in  commercial 
production  with  reasonably  established  operating  parameters  and  operating  costs.  P&WA  j 

directed  Frankel  to  process  all  Phase  II  titanium  turnings  in  accordance  with  optimized  process  | 

parameters  developed  during  Phase  I,  and  further,  to  maintain  complete  material  balance 
records  of  pertinent  process  o|)erations. 
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The  Frankel  density  separation  process  consists  of  eleven  sequential  operations;  (1)  wet-ring 
crushing  of  the  turnings  into  chips,  (2)  chip  sampling  for  chemical  analyses,  (it)  chip  cleaning  in 
an  alkali  solution,  (4)  water-spray  rinsing,  (5)  drying  of  chips  in  a  centrifuge,  (6)  hot  air  drying. 
(71  screen  separation  of  fine  particles.  (8)  magnetic  separation.  (9)  fluidized  bed  density 
-separation,  (10)  chemical  analyses  of  product  samples  and  (11)  packaging  of  the  final  product. 

2.  Frankel  Fluidized  Bed  Process  Operations  (Phase  II) 

a.  Preparation  of  Raw  Material 

Approximately  10,000  th  of  titanium  (Ti-6A1-4V)  scrap  chips  and  turnings  were  procured 
from  Ladish  Co.,  a  Cudahy,  Wisconsin  forging  company  with  extensive  machine  shop  operations, 
and  delivered  to  the  Frankel  Co.  in  Detroit,  Michigan.  The  as-received  weight  breakdown  of  the 
raw  material  is  noted  in  Table  8()a. 

In  the  initial  operation.  Frankel  wet-crushed  the  titanium  turning  into  chips  of 
approximately  0. ,5-in.  length.  The  operation  was  accomplished  in  a  ring  crusher  fitted  with  inlet 
feed  and  output  conveyors,  F’igure  100.  The  crusher  processing  rate  amounted  to  approximately 
1.500  tb/hr.  The  total  crushed  chip  quantity  weighed  11,117  fb  (Table  80b). 


TABLE  80 

MATERIAL  BALANCE  OF  PHASE  II  TITANIUM  PROCESSING 


As-Received  Raw  Material 

'I'i  Turnings  Received 

Retained  Oil  *  Moisture 

■->11  th 

Dry  t  urnings  Received  (('alculntodi 

Wet  Ring  (’rushing 

Ti  Chips  After  Wet  Crushing 

11.117  m 

Division  Into  'I'wo  Dots 

Dot  A  U'nseededi 

Dot  B  (Seeded) 

VVi  (thi 

wt.imi 

'I'i  ('hips  After  Wet  ('rushing 

r..4Dj 

0.7(10 

Addition  of  (’ontaminants 

Seeded  ('ontaminants  Added  (Drvi 

u 

o1 

I'otal  Weight  to  be  I’rocessed 

0.1  i 

PMl.O 

o.7o(i 

KMl.O 

Cleiininf  hikI  Drvini: 

Oil  ‘  Moisture  Removed 

n  r, 

I  1 .0 

Dry  Chips  ((’alcufatedi 

HM,.} 

88.0 

o.-n-j 

Ibb  t) 

o.7o(; 

190.(1 

Screening  ‘  Magnetic  Separation 

lb  Mesh  Fines  Removed 

.‘.17 

•  ]{)  8 

.099 

!0.h 

Magnetic  Rejects  Removed 

u  t; 

71 

1.4 

('lean.  Demagnetized  ('hips 

DlttJ 

HoT 

i.;vj] 

84  8 

Cnaccounted  Mntl  •|(’nlculnted» 

D'iT 

2  b 

9,L> 

■I.TK.I 

luo  u 

.o.n9i> 

IIHI.O 

Huidized  Bed  Separation 

Total  Fluidized  Bed  Rejects 

I'lo 

tytJ 

■J9o 

0  .8 

Total  Processed.  Acceptable  ('hips 

9:1  ? 

9.981 

9'T'J 

\  naccoiinted  Mat !.*•(( 'a leu lateiR 

:tl 

b.8 

17' 

1  0 

■Dlo:> 

IIM)  II 

t.9J! 

109.9 

*  Includes  production  loss  |Hirtion  of  the 

"nonmetalli 

cs"  ipniie 

r,  wood,  el 

c  I  that  \sa: 

removed  in  cleaning  pria  ess  and  fxissible.s 

light  di.screpancN  la  twi 

’I'I)  ai  Inal  and  <  aU  iilalei 

weight  of  chips. 

*•  Inchuies  “flu-sl"  blown  out  of  »  bips  which 

is  mostly  nonrnetallic 
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Figure  100.  Wet  Ring  Crusher  (Converts  Scrap  Turnings  to  Chips) 


b.  Chip  Lot  Contamination 


In  order  to  dispel  any  concern  that  the  purchased  turnings  may  he  ol' “pedigreed  stock"  and 
thereby  not  ciintain  representative  machine-shop  contaminants,  the  crushed  chips  were  divided 
into  two  nearly-equivalent  weight  quantities  (Table  80c).  designated  as  Lots  A  (unseededi  and  B 
(seeded).  Both  lots  were  subjected  to  separate  treatment  in  all  subsequent  process  operations. 

The  “seed"  added  to  the  5705-flb  quantity  of  Lot  B  titanium  chips  consisted  of:  (1)  high 
density  contaminants  —  crushed  tungsten  carbide  (WC)  tool  hit  fragments;  (2)  nonmagnetic 
contaminant  chips  —  A-286  Modified  Tinidur;  and  (.'!)  magnetic  contaminant  chips  —  steel  and 
grade  400  stainless  steel. 


Figure  101  shows  the  total  quantity  of  high  density  contaminant  added  to  Lot  B.  and 
Figure  102  illustrates  a  representative  combination  of  the  magnetic  and  nonmagnetic  contami¬ 
nants  added  to  Lot  B.  Table  81  summarizes  the  seeded  contaminants  added  to  Lot  B. 


TABLE  81 

SUMMARY  OF  SEEDED  CONTAMINANTS  ADDED  TO  “LOT  B” 


High  Deruiity  Inclusions 
(Crushed  Wr  7(>o/  Wu.s,) 

Nonmagnetic  Chips 
(A'2H6  Mod.  Tinidur) 

Magnetic  Chips 
(Cirade  400  S/S) 

Total  Weight 

.W.-!  gm 

2.7  It) 

'Ih  tt> 

Particle  Range 

Large  (  +  ' 

Medium  (-  '  a  in.  -i-  10  Meah) 
Small  (  to  Mesh  +  .tfl  Meahl 

287  gm  (4,'i  pcs) 

240  gm  CtOO  pcs) 

6  gm  (I.W  pcs) 

."i.'t:)  gm  (Total) 

c.  Chip  Processing 

('hip  cleaning  and  drying  operations  were  accomplished  by  Frankel  with  the  semi- 
automated  equipment  shown  in  Figure  10:i.  Under  operator  control  from  a  central  console,  the 
chip  lots  were  exposed  to  alkali  cleaning,  water  spray  rinse  and  centrifuge  and  hot  air  (40()''F) 
drying.  The  chip  lot  weight  loss  due  to  removal  of  oil  and  moisture  content  is  tabulated  in 
Table  80d. 

Screening  and  magnetic  separation  of  both  chip  lots  were  conducted  in  a  tandem  operation 
with  the  equipment  shown  in  Figure  104.  The  screening  process  consisted  basically  of  the  removal 
of  fine  particles  by  pa.ssing  the  chip  lots  over  a  No.  10  mesh  screen  (0.078-in.  opening).  This 
operation  is  required  because  of  potential  interstitial  contamination  that  is  inherent  with  “fines." 
The  chips  were  then  transported  through  a  cross-belt  permanent  magnet  .sei)arator  for  removal  of 
the  strongly-magnetic-attracted  contaminants,  such  as  tram|)  iron  and  steel,  and  then  through  a 
high-intensity  DC  electromagnetic  .separator  for  removal  of  the  weakly-magnetic-attracted 
contaminants.  Material  balance  data  for  both  the  screening  and  magnetic  separation  operations 
are  tabulated  in  Table  80e. 

Fluidized  bed  separation  was  then  performed  on  the  two  titanium  chip  I.ots  A  and  B,  using 
e(|uipment  shown  in  Figure  10, ‘i.  The  separation  process,  described  in  detail  in  Section  Vn.B.2,  is 
shown  schematically  in  Figure  41.  Optimal  fluidized  bed  jrrocess  iiarameters  had  been  chosen 
earlier  during  Phase  I  data  analysis;  these  Phase  1  parameters  are  repeated  here  in  Table  82  for 
informat  ional  purposes.  The  (approximate)  .V ,  rejection  rale  for  Phase  II  fluidized  bed  processing 
was  maintained  constant  during  all  three  passes  with  no  further  rejection  rate  adjust  mcnis  made 
during  process  passes.  Material  balance  data  generated  in  the  fliiirlized  bed  operation  are 
tabulated  in  Table  8()f. 
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hit’urr  ]()■)  Scrccntrif'  and  Xla^natti  Separation  Station:  tA)  Screen  Reject  Material.  IB)  Maftnet  Reject  Material 


TABLE  82 

FRANKEL  CO.  OPTIMIZED  PARAMETERS  FOR  FLUIDIZED  BED  TITA¬ 
NIUM  DENSITY  SEPARATION  STATION 


PHASK  I  I'ARAME'l'KH.S: 


Run  Nil. 

Alloy  ('amp. 
fu/o) 

Bulk  Density 
fW/ftD 

Chip  Size 
Ranj^e 

.\o  of 
Basses 

Preset 
Hejeet  Hate 

<')) 

Feed  Rate 
(th/min) 

2 

RAl  4V 

2d 

Mesh 
(  +  in.) 

' »  in. 

A 

!\ 

PHASE  I  RESt'l.TS: 

Reject  Quantity 

Acceptable 

Product 

(tb) 

Run  Ni). 

Input 

(th) 

!*ass  1 

(th) 

Pass  2 
(th) 

F*as.s  3 

(th) 

On  Bed 
(th) 

2 

m) 

n.O 

l.D 

10 

sr> 

3.  Post-Process  Analyses 

a.  Material-Balance  Control 


'I'ahle  80  contains  all  data  relevant  to  the  nniintename  of  itiaterial  balances  dnriiif;  all 
processes  associated  with  the  Phase  II  lliiidized  bed  operation.  In  snmniarv.  these  data  show  that 
10,048  Ih  of  as-received  titanivini  tiirnintts  were  processed  to  yield  7.807  th  (8,828  th  of  Lot  A.  and 
8,984  th  of  I,ot  R)  of  titanium  chips  that  are  considered  to  he  adequately  septirated  i'or 
nonconsumahle  meltitif;.  Rased  oti  these  fiftiires,  the  Phase  II  recovery  rate  of  78' >;  a  hitjher 
efficiency  level  would  he  expected  with  increased  volume. 

b.  Visual  Inspection  of  Segregated  and  Reject  Material 

Visual  inspection  of  both  segregated  chip  lots  indicated  thtit  the  material  was  clean  with  no 
foreign  matter  detected. 

Visual  ins()ection  of  the  rejected  material  indicated  that  a  considerable  ijuantity  of 
extraneous  material,  other  than  dense  particles  and  heavy  metal  chips,  had  been  rejected  due  to 
shape.  These  rejects  included  stones  and  slag  particles,  which,  if  not  rejected,  could  he  related  to 
low-density  inclusions. 

c.  Chemical  Analysis  of  Segregated  and  Reject  Material 

(1)  Segregated  Chip  Chemistry 

Representative  samples  of  segregated  titanium  chips  from  1/Ots  A  and  R  were  subjected  to 
chemical  analysis.  Results  are  presented  in  Table  88.  The  relatively  high  iron  (Fel  level  is 
as.sociated  with  the  Fe  retained  in  the  titanium  alloy  turnings,  and  is  not  free  Fe  from  stainless 
or  A-28fi  Tinidur  contaminants.  A  comparison  of  the  overall  chip  product  chemistry  with  that  of 
the  AMS  4928  specification  chemistry  indicates  that  acceptable  chemistry  will  he  maintained 
with  subsequent  melting  operations. 

(2)  Rejected  Chip  Chemistry 

Samples  of  material  rejected  during  each  of  the  Lots  A  ttnd  R  separittion  oiterations 
(screening,  magnetic,  and  each  fluidized  bed  run)  were  subjected  to  chemical  analysis  to 
determine  the  relative  effectiveness  of  each  separation.  Relevant  data  is  presented  in  Table  84 
and  discussed  in  the  following  paragraphs. 
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TABLE  83 

CHEMICAL  ANALYSES  —  SEGREGATED  TITANIUM  CHIPS 


l.ol  .-1  /,„(  H  _ .-tAf.s' 


(I’nsivdcd)  (('onlnniitianl  Sivdi-di  S/ur  Miii  .Spci  \t(r\ 
tu/ll) _ (U/ll) _  (tlillj  <11, 'll) 


Al 

0.50 

5.50  0,75 

V 

4.00 

4.1H 

;i.50  4.50 

Fe 

0,27 

o.l'7 

o..'io 

0 

0.20 

(' 

0,02 

0.0:) 

0. 10 

N 

0.05 

H 

0.0125 

Others 

0,40 

Oil  •  Moisture 

-  0,01 

'  (1.01 

Ni  (free) 

■  O.O.T 

'  005 

0  (free) 

().or» 

•  0.05 

Fe  (free) 

•  0  ii.'i 

•  0.05 

Al  (free) 

•  0.05 

•  0.05 

pii 

-  0.05 

-  0.05 

M.i 

^  0.05 

■  0.05 

Ch 

'  0.05 

•  0.05 

Zr 

■  0.05 

0.05 

Mil 

■  0.05 

•  0.05 

Sn 

•  0.05 

■  0.05 

The  high  (4  vv/oiV  conleiil  ofthe  reje>cl  lines  I'rom  lhes<reeni/ig  sc|);ir;iii<ii)  is  iiorjiKil  ;iml  ciin 
he  attributed  to  the  Ti-6A1-4V  tines  included  in  this  material.  The  high  level  ol  magnetii'  material 
and  free  Fe,  Cr  and  Ni  in  the  reject  material  ol  the  magnetic  separator  from  lioth  unseeded 
Lot  A  and  contaminant  seeded  I>ot  B  ('Fable  84)  is  worthy  ol  special  discussion.  Relatively  high 
concentrations  of  these  free  elements,  unrelated  to  titanium  alli>y  composition,  would  be  expected 
for  the  .seeded  Lot  B  that  contained  contaminant  of  steel/Fe-('r  grade  liio  stainless  steel/Fe-Ni('r 
A-286  modified  Tinidur.  The  equivalent  free  elemental  com cniraiions  in  the  unseeded  Lot  .\  is 
conclusive  evidence  that  the  raw  material  titanium  turnings  contained  am|)le  (piautity  of 
contaminants  and  that  the  Lot  B  seeding  was  unnecessary. 

In  a  similar  analysis,  a  very  high  concentration  (7-8  w-o)  ol  high  density  \\'('  tool  hits  was 
determined  in  the  aforementioned  reject  mtiterial  ol  the  unset'ded  and  the  contaminant-seeded 
lots  of  the  magnetic  separator.  To  put  this  into  frerspective.  iht'  (pumtity  ol  \V('  high  density 
inclusions  removed  in  this  unseeded  lot  was  iibout  double  the  (piantity  ttdded  intentionally  in  the 
.seeded  lot.  Again,  contaminant  seeding  was  unnecessarx .  This  amiilifies  the  evidence  that 
standard  titanium  scrap  turnings  have  an  inherent,  unintended  degree  of  contamination  which  is 
further  justification  for  improvements  in  .scrap  managemenl  and  handling  at  the  scrap  generator. 

The  chemical  analysis  of  the  lluidized  bed  reject  materials,  as  a  function  of  Huidized  bed 
pass  number,  is  also  contained  in  Table  84,  The  relatively  high  level  (0.3  to  1.3  w/o)  of 
nonmetallics,  such  as  stone  and  iron  cinders  in  the  reject  material  of  the  lluidized  bed  first  pass, 
is  of  significance  in  avoiding  low-density  inclusions.  Nonmetallics  were  not  detected  in  analysis 
of  the  final  (third)  pass  reject  material.  Also,  the  diminishing  level  of  free  elements  (Table  84). 
as  a  function  of  fluidized  bed  pass  number,  confirms  that  such  contamination  is  predominantly 
removed  in  (he  first  pass,  with  decreasing  (piantilies  in  sub.serpient  ))asses. 
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TABLE  84 

CHEMICAL  ANALYSES  OF  PROCESS  REJECT  MATERIALS 


Lot  A 
( 1  'nseeded) 
(u/o) 

Lot  H 

(Cutitaminaiit  Sfcdfdi 
(u  fo) 

SCHKKMNC  .SKP.yKATION 

Ma^incf ic  Material 

(i.y 

J  1 

Ni  ft  reel 

(1  14 

d.HO 

Tr  It  reel 

O.On 

(l.JO 

Ke  it  reel 

(i.i.'i 

d.r.j 

.W  If  reel 

0.07 

n,  10 

I't- 

■  OOo 

(1  ]n 

M,, 

0.((S 

o  II 

Ch 

-  0.(t'i 

•III  1'. 

/.r 

■  O.d’i 

•01 1,'. 

\ 

\  d-j 

so 

Mil 

-  dd"! 

•  III  i;. 

Sn 

d.i:t 

•in 

Nt  AC.N  K  riC  SKf  AK  Vt'ION 

Maiioetu  Material 

n  1' 

j 

\i  itreri 

1  m 

.(  141 

1  'r  itrepi 

■J  d 

7  l.: 

Ke  Ureei 

-Id  j 

1"  d 

W  itrer' 

•  dd.*, 

•  III  i.’i 

we  hii> 

Fl.i'IDIZKI)  HKD  SKI'AHATIOX 

H  J 

\<>nineta!lus 

I'ils-  1 

I  ;! 

o,:i 

l'a>>  J 

d 

•  0.1 

I'ass  :t 

■  U.l 

■  0,1 

\i  (trt'ci 

I'asv  1 

0.07 

I  .■«( 

Pass  J 

0  .}d 

o.“7 

I’iiss  :( 

•  d(i'* 

(t,70 

(>  itriTi 

Pa>s  1 

d,77 

0.07 

I'nss  _> 

did 

0  .11 

Pas>  1 

d  dS 

0.01 

It  iln-fi 

I’tl-S  1 

l.id 

l.OJ 

I’ll-  1.' 

d  JO 

O.ftO 

Pas>  :! 

d  JO 

0  ,7,7 

\1  Hri'to 

Pasx  1 

d  d.*. 

o.o: 

Pa- 

■  do:. 

•  0  1 1.7 

I’ll-  :l 

dor. 

•  d  ( 1.7 

d.  Radiographic  inspection  of  Process  Reject  Material 

HjuliiiKraphil'  inspection  of  representative  ipiantities  oT  the  reject  material  IVom  i)ertinent 
separation  operations  was  performed  to  further  deline  the  elTect i\ etiess  ot  these  separations. 
Specifically.  sam|)les  of  reject  material  from  each  separation  operation  (screenins;.  niitfinetii  and 
nuidized  bed  I  were  subjected  to  radiopraphic  exposure.  'I'he  techni(|ue.  ti--  in  Phase  I.  consisted 
ot  placina  about  a  one -inch  thickness  of  reject  chip  material  randomlv  wit  bin  It  h\  IT-in.  tray, 
and  radioarajihiny'  on  a  dmihle-lilm  cassette.  The  dimhie-film  technique  ,i\iiids  misinierprettUion 
ot  :uiv  him  defect  which  may  appear  as  a  dense  ])article,  ’I'vitictil  rtidioertiphs  of  reject  chip 
material  for  both  unseeded  I.ot  and  contaminant  seeded  Lot  H  tire  Included  herein  tis  liillows: 
(  1  I  screening;  septiration.  h’icurcs  ItMijuid  1(l7;  ( mtiynet  it  septiral  ion.  Piyures  lo.Sand  inh;  and, 
(71  Ihiidi/ed  lied  separtition.  Kifjures  I  |(i  through  1  l.‘> 
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Analyses  of  these  radiographs  indicates  that  highly  offu  ient  removal  of  the  high-density 
ineliisions  l\V('  tool  hits)  oeeiirred  in  the  first  pass.  No  evidence  of  inclusions  were  detected  in  the 
second  and  third  passes  of  Lot  A,  A  small  ‘T-shaped.  "  dense  wire  was  detected  in  the  second 
pass  of  U)t  B  (Figure  1 14),  and  i>ne  suspicious  particle  as  noted  in  both  the  second  and  the  third 
pass  of  Lot  B.  I'hese  1  /H-  to  d/lti-in.  lengt  h  part  ides  are  of  tapered  cross  sect  ion  and  t  herefore  not 
of  wire  origin.  .Mthough  unconfirmed,  it  is  likely  that  these  particles  are  titanium  chips  that  are 
randomly  oriented  "on-end,"  therein'  presenting  a  misleading  denser  airpearance  to  radiographic 
inspection. 

4.  Summary  of  Phase  II  Fluidized  Bed  Processing  Results 

•  Machined  titanium  turnings  contained  a  high  concentration  of  unintended 
high  (\Vr  and  steel)  and  low  (stones,  etc.)  density  contaminants.  'I'he  need 
for  imiirovernents  in  scrap  management  and  handling  at  each  generator  is 
obvious  to  reduce/eliminate  this  contaminant  situation. 

•  'I'he  aforement iotred  separation  i)rocedure.  including  screening,  magnetic  and 
fluidized  bed  separation  apjrears  very  effecti\»'  in  removal  of  these  contami¬ 
nants. 

•  .Almost  all  detectable  contaminants  were  removed  after  the  first  [lass  of  the 
fluidized  bed  separation  as  defined  by  representative'  inspection  of  separation 
reject  material. 

•  The  application  of  the  two  additional  fluidized  bed  se|)arati('n  trasses, 
followed  by  a  nonconsumalth  skull  melfing  seiraration.  shordd  ensure 
removid  of  these  contaminaiits  from  the  recovered  titanium  chi|)s. 

C.  TITANIUM  NONCONSUMABLE  MELTING  PROCESS  (TELEDYNE-ALLVAC)  PHASE  II 

1.  Background  Information 

'I’he  'I'eledyne-A'LIA'AC  nonconsumable,  rotating  electre'dc.  arc  skull-melting  process  was 
chosen  for  Phase  II  titanium  melting  on  the  Irasis  of  the  established  irrocedures  airplied  and  the 
acce|)table  data  generated  in  an  earlier  AFML  program.  (Kef.  AFML  lH-l(iO-'2) 

2.  Phase  II  Development 

'I'he  unseeded  and  the  contaminant-seeded  lots  (nominally  oPOO-tb  each)  of  titanium  chips 
that  completed  the  triple-pass  density  separation  process  (Frankel  ('o.  fluidized  bed 
separation)  were  received  by  the  nonconsumalile  melter  ('reledyne-ALIA'.AD. 

Representative  samples  of  the  se|)arated  chi|)s  were  analyzed  for  elemental  and  interstitital 
content  to  determine  t  he  addit  ions  of  virgin  t  it  an  in  m  sponge,  master  alloy  and  iron,  necessary  to 
attain  .AMS  4928  chemistry  specification.  'The  elemental  sironge  will  dilute  the  interstitial  oxygen 
level  of  the  chips;  the  master  alloy  and  iron  additions  will  thereupon  adjust  the  elemental  sponge 
addition  alloy  chemistry. 

Several  trial  melt  runs  were  made,  using  surjilus  cln'irs  in  the  feeder  system  of  the 
nonconsumable  melting  system.  Iluring  these  operations,  it  was  observed  that  an  occasional, 
stray  (i'ed  chi[i  would  nriss  the  skull  melt  aiul  be  deposited  directly  within  the  ingot  mold  cavity. 
Further  observation  indicated  that  a  chip  could  tundile  from  fhe  lip  of  the  feed  hopper  and  fall 
directly  into  the  mold  cavity,  be  pro[)elled  into  the  cavity  after  contact  wit  h  (he  rotating  elei  trode 
and/or  fall  into  the  unmelted  rim  of  the  skull  and  droji  into  the  mold  cavitv  during  subse(|uent 
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tip-pouring  operations.  In  each  possibility,  the  situation  would  tend  to  nullify  the  function  of  the 
skull  melt  which  is  to  separate  dense  inclusions  from  the  melt,  i.e.,  heavy  WC  tool  bit 
contaminants  will  sink  and  be  retained  in  the  solidified  skull,  thereby  producing  a  noncon- 
taminated,  nonconsumably-cast  ingot.  In  summary,  stray  chips  cannot  enter  the  ingot  mold 
cavity  if  complete  melting  separation  is  to  be  a.ssured. 

Teledyne-ALLVAC  responded  to  the  problem  with  modifications  to  both  the  furnace  and 
process  operation  procedures.  A  movable  cover  plate  and  an  additional  sight  port  were  added  to 
the  tunnel  to  shield  the  ingot  mold  cavity  during  all  feeding  and  melting  operations.  This  will 
preclude  the  pos.sibility  of  direct  chip  impingement  into  the  ingot  mold  cavity.  The  stray  chip 
possibility  on  the  unmeited  skull  rim  is  being  avoided  by  a  modified  process  procedure 
(interrupted  melt  plus  reversed  skull  tip)  followed  by  a  feed  hopper  redesign.  Nonconsumable 
melting  of  the  aforementioned  lots  of  separated  titanium  chips  was  then  scheduled. 

3.  Input  Material  Inspection 
a.  Chemistry 

Upon  receipt  of  the  Frankel  Company  fluidized  bed  chips,  chemistry  samples  were  taken 
from  both  lots  and  analyzed  so  that  accurate  charge  makeups  could  be  determined.  Sampling  was 
accomplished  by  retrieving  and  thoroughly  mixing  ().,'5-tb  grab  samples  from  the  top  of  three 
random  drums  from  each  lot.  This  practice  was  repeated  for  an  additional  three  drums  from  the 
same  lot  to  produce  two  chemistry  samples  per  lot.  A  portion  of  each  sam))le  was  then  quartered 
out  and  distributed  at  Teledyne-ALLVAC  and  to  an  external  source  for  the  manufacture  of 
buttons  for  complete  chemistry.  Extra  analyses  for  O2  were  performed  due  to  the  concern  over 
accurately  diluting  this  major  chip  contaminate. 

Complete  results  of  all  chemical  analyses  are  summarized  in  Table  85.  Data  were 
reasonably  consistent,  with  the  exception  of  some  Nj  values,  and  agreed  very  well  with  Frankel 
Company  results.  These  chemistries  indicated  it  would  be  possible  to  formulate  heats  with  a 
50/50  chips/virgin  blend  and  meet  all  chemistry  requirements  of  AMS  4928G. 

TABLE  85 

CHEMICAL  ANALYSIS  OF  Ti-6A1-4V  CHIPS  AS-RECEIVED  FROM  FRANKEL  COMPANY, 

LOTA 

Wah  Chang  fVah  Chang  Wah  Chang  Wah  Chang 

ALLVAC  Button  Button  Button  Al.LVAC  Button  Button  Button 

Spec  ALLVAC  Wah  Chang  ALLVAC  ALLVAC  Wah  Chang  ALLVAC 

AMS  4928  Analysis  Drums  Analysis  Drums  Analysis  Drums  Arwlysis  Drums  Analysis  Drums  Analysis  Drums 
ement  Min  Max _ No.  1,2,3 _ No.  1,2.3 _ No.  1,2,3 _ ^  4,5,6  No  4,5,6  No.  4,5,6 


b.  High  Density  Particles 

As  chemistry  samples  were  beinn  analyzed,  additional  sampling  was  performed  in  an  effort 
to  locate  tungsten  carbide  particles  in  the  chips.  Assuming  that  any  such  particles  would  tend  to 
settle,  30  tb  of  chips  from  the  bottom  of  two  random  barrels  of  each  lot  were  dumped  into  clean 
poly  bags  and  taken  to  an  outside  source  for  X-ray  examination. 

Chips  from  each  sample  were  placed  4  in.  deep  in  a  plastic  container  11  in.  wide  by  13  in. 
long.  Three  tungsten  carbide  sensitivity  indicators  10,  1.3,  and  20  mils  thick  were  taped  to  the  tray 
nearest  the  source  to  serve  as  standards.  They  were  situated  in  such  a  manner  that  they  would  run 
diagonally  across  the  developed  film.  To  differentiate  a  carbide  standard  from  a  particle  which 
might  be  present  in  the  chips,  small  lead  marker  arrows  were  placed  near  the  carbide  indicators, 
pointing  directly  at  them.  X-rays  were  taken  at  a  source  input  of  220  kilovolts  and  3  milliamps. 
A  source  to  film  distance  of  58  in.  was  used  with  an  exposure  time  of  15  min.  Kodak  type  M-54 
film  was  used  with  a  development  time  of  8  min  at  fi8°F.  Film  was  double  loaded  to  confirm  any 
questionable  sighting  which  might  be  the  result  of  imperfections  on  the  film.  Two  sets  of  photos 
were  taken  for  each  sample  set  representing  alternate  halves  of  the  container  due  to  film  size 
limitation. 

X-ray  results  revealed  the  presence  of  a  variety  of  high  density  in  both  lots  of  chips.  The 
carbide-like  indications  were  .seen  in  three  of  the  six  .sample  trays  examined  and  appeared  to  be 
in  the  range  of  10  to  30  mils  when  compared  to  the  sensitivity  standards.  Figures  116.  117  and  1 18 
show  the  suspicious  areas  indicated  with  a  white  arrow. 

Chips  from  the  trays  shown  to  contain  high  density  particles  by  X-ray  were  hand  screened 
through  16  by  18  mesh  window  screen.  The  resulting  fines  were  sorted  magnetically,  and  the 
magnetic  fraction  was  pickled  in  hot  dilute  sulfuric  acid.  A  few  of  the  most  suspicious  looking 
particles  remaining  were  sorted  out  by  hand  and  sent  to  Micro  Met  Laboratories  to  determine  if 
any  were  tungsten  carbide.  Examination  by  a  scanning  electron  microscope  (SEM)  equipped 
with  an  X-ray  energy  dispersive  analyzer  proved  negative. 

A  second  attempt  was  made  to  locate  high  density  particles  by  machine  screening  an  entire 
50-gal  drum  selected  at  random  from  each  lot  of  chips.  The  same  16  by  18  mesh  window  screen 
was  used  as  before,  and  the  fines  were  sorted  and  pickled  in  the  same  manner.  The  end  product 
of  this  effort  was  a  very  small  quantity  of  particles  (less  than  one  gram)  from  each  of  lots  A  and 
R.  The  entire  quantity  of  material  represented  was  again  sent  to  Micro  Met  Laboratories. 

This  time  the  presence  of  WC  particles  was  confirmed  by  SEM  on  both  lots  A  and  B 
(Figure  119).  It  was  reported  for  the  sample  examined  that  the  WC  particles  W'ere  more  numerous 
and  larger  (10  to  25  mils)  in  lot  B  than  in  lot  A  (5  to  10  mils), 

4.  Charge  Preparation 

Chemical  analysis  of  the  turnings  presented  in  Table  85  indicated  that  a  .50/, 50  blend  of 
chips  and  virgin  material  could  be  made  with  a  resultant  O,  content  well  within  specification 
limits.  Two  5,000- tb  heats  were  therefore  formulated,  one  from  each  of  the  two  lots  represented. 
Thei'retical  oxygen  content  of  the  two  heats  was  calculated  at  0.1.50', .  A  complete  list  of  the 
materials  applied  to  these  two  heats  is  presented  in  Table  86. 

The  .50' (  virgin  portion  <jf  each  heat  was  blended  and  split  off  into  a  large  number  of  small 
drums.  Chips  were  uniformly  mixed  in  which  each  drum.  A  number  of  these  small  drums  were 
then  dumped  together  into  larger  .5()-gal  drums,  and  later  several  large  drums  were  dumped 
together  into  the  feeder  tube  of  the  nonconsumal)le  furnace.  No  inirposeful  addition  of  high- 
density  particle.s  was  made  to  either  of  the  two  lots  of  chips  to  I'eledyne-ALI.N’.AC. 
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TABLE  86 

RAW  MATERIAL  APPLIED  TO  Ti  6A1-4V  CHIP, 
NONCONSUMABLE  HEATS 


Material 

Heat  Nn.  FUSI 
Lot  A. 

(th) 

Heat  Ml.  F552 
Lot  H. 

(tb) 

Chips 

2.MK) 

■n  Spimge  lO.nii'  ,  0,1 

2.2:m 

2,2:t(i 

VAl  Masterttllov 

170 

172 

A1 

9M 

Fe 

1 

1 

'Itital  Fnumis 

I;  was  orifjinally  plaii.i,u  In  innipacl  the  spniifjf  chip  mixture  into  a  16-in.  dia  pressed 
compact  and  then  shear  this  into  ntanv  smaller  pieces.  'I'he  purpose  was  to  obtain  pieces  ol  a  size 
ideally  suited  tor  teedint;  to  prevent  any  unmelted  material,  particularly  high-density  particles, 
from  missing  the  skull  melting  crucihie  and  accidently  entering  the  withdrawal  castitig  mold. 

It  was  apparent  after  the  attem|)ts  at  shearing  the  sponge/virgin  compacts  that  they  had 
insufficient  green  strength  to  yield  the  solid  pii'ces  recpiired  regardless  of  t hi  pressing  conditions 
em|)loved  with  sponge  cimteiils  up  loTO'/.  It  w<ts  concluded  that  the  mi'lting  eijuipment  would 
ha\e  to  he  moditied  to  permit  the  direct  teeding  of  a  loose  mixture  ol  chips  and  sponge. 

5.  Nonconsumable  Melting  Equipment 
a.  Description 

The  itonconsumithle  rotating  electrode  furnace  at  I'eledyne  .M.IA.AC  and  its  operation 
hilve  heeit  described  in  detail  ettrlier  in  this  reitort ,  The  lurnace  is  shown  in  perspective  in 
figure  12(1  itnd  itn  interior  view  in  Figure  121.  .Major  feat  tires  include; 

1.  Separately  viilveti  viicuum  clmmher  eipiipped  for  the  continuous  chtirging 
;utd  controlled  feeding  of  the  raw  materials 

2.  .-X  chute  to  (liri'ct  the  feeding  of  the  raw  maleri.ils  into  the  meltittg  crucihie 

.'1.  A  2(l.(HHI-amp  power  supplied  hv  two  S(’H  tvpe  rectilit'r  sets  (Not  Showti) 

■1.  ,A  60(1  rpm  rot  at  ing  elect  rode  with  a  7  in.  dia  w  tiler  cooleti  cojiper  tip  captthle 
of  being  directed  within  the  circumference  ol  the  melting  crucihie 

•0  An  800  111  capacilv  18  in.  diti  wtiler  i doled  copper  lilltihle  melting  crucihie 
enclosed  in  ti  seven  It  ditt  vacuum  melting  chtimher 

6  Water  cooled  steel  c.asting  mold.  21  in.  in  diti 

7.  Hydraulic  rtun  mech.inism  for  the  liel tom  w  it  hdrawal  ol  cast  elect rodes  from 
the  casting  mold 

8  .Sixteen  It  long  steel  cooling  c.in  i.icuum  si'.iled  to  the  melt  i  hamher  .and 
witlulrawtil  ram  mechtimsm 

tl.  F.ight  It  dia  hv  20  ft  high  vacuum  ctisimg  ehamhei  i  iiuippeii  to  retiel  it  iv  elv 
remove  completed  casting-'  tuid  position  new  cooling  caii''  uiidei  the  mold 

1(1  (tptical  v  iewing  sv-'tem  lor  olwerv  iiig  the  an 
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121.  Nonconsumnhlf  Fitrtwcf  Intrriiir  h'nUnu  tn,  n  M.  ll  I  Skull  Mrltirif; 
Crucible,  2  fiotatinn  Hlccfrndc.  :/  Hir/ulnu,  (//  Cu^tini;  Muld 


b.  Modifications 


A  number  of  modifications  to  the  furnace  were  necessitated  by  the  requirement  of  direct 
feeding  a  loose  mixture  of  reclaimed  chips,  sponge  and  alloying  additions  directly  into  the  skull 
melting  crucible.  The  object  of  these  modifications  was  to  ensure  that  the  unmelted  material 
would  not  enter  the  casting  mold  directly  from  the  feed  chute,  thereby  negating  the  refining 
portion  of  the  melting  operation.  These  modifications  included: 

1.  An  air  operated  movable  shield  to  permit  completely  covering  the  mold 
chamber  while  feeding  and  melting.  This  was  operated  in  such  a  manner  that 
the  opening  to  the  casting  withdrawal  mold  was  exposed  only  during  the 
pour. 

2.  A  new  sight  port  to  permit  improved  observation  of  the  feeding  and  pouring 
operations. 

3.  A  new  feeder  chute  to  improve  the  direct  feeding  of  the  chip/virgin  blend. 

This  single  change  proved  to  be  extemely  difficult  and  resulted  in  several 
weeks  of  delay  in  the  final  melting  while  a  succession  of  designs  were 
fabricated,  installed  and  tested  by  actual  trial  melting  of  chips. 

It  was  deemed  desirable  that  the  new  feeder  chute  be  as  small  a  diameter 
tube  as  possible  to  direct  the  raw  materials  accurately  into  the  melt  crucible. 

This  increased  the  chances  of  bridging,  so  an  air-operated  vibrating  device 
was  attached  to  the  feed  chute.  It  was  also  desirable  that  the  chute  extend  as 
far  out  over  the  lip  of  the  crucible  as  possible.  This  presented  serious 
problems  due  to  the  very  high  temperatures  to  which  the  tip  of  the  chute  was 
exposed  and  to  the  rapid  splatter  buildup  characteristic  of  nonconsumable 
arc  melting.  This  buildup,  which  welded  to  the  tip  of  a  steel  feed  tube, 
immediately  caused  a  small  amount  of  feed  material  to  hang  up  on  the  lip  of 
the  feed  chute,  which  served  to  catch  more  splatter  and  stop  more  feed 
material,  and  so  on  until  feeding  was  stopped  off  completely.  The  problem 
was  solved  by  fabricating  the  entire  lower  portion  of  the  feed  chute  out  of 
double-walled,  water-cooled  copper  which  minimized  the  accumulation  of 
the  molten  Ti  splatter.  A  bridge  breaker  was  also  also  installed  to  permit 
mechanically  removing  any  blockages  from  the  feed  tube. 

4.  Due  to  the  length  of  the  redesigned  feed  shoot,  it  became  necessary  to  install 
a  hydraulic  lift  to  raise  the  shoot  to  clear  the  furnace  when  it  was  tilted  for 
pouring. 

6,  Nonconsumable  Melt  Practice 

After  the  above  modifications  had  been  tested  and  successful  trial  melts  with  chips  made, 
it  was  concluded  that  the  system  was  workable  and  was  the  best  which  could  be  achieved  without 
a  truly  major  redesign  and  furnace  modification  requiring  .several  months.  However,  as  a  further 
precaution,  a  special  melting  practice  was  employed  to  prevent  the  possibility  of  chips  landing  on 
the  top  of  the  melting  crucible  and  falling  into  the  mold  during  the  pour.  This  practice  consisted 
of  extinquishing  the  arc  after  the  crucible  was  full  and  allowing  the  melt  to  solidify.  With  the 
mold  cover  plate  closed,  the  furnace  was  tilted  as  far  forward  as  it  would  go  (approximately 
1(K)  deg)  and  shaken  to  permit  any  loose  particles  'o  fall  off.  It  was  then  brought  back  to 
horizontal,  the  arc  restruct  and  a  molten  pcnil  established.  The  mold  cover  plate  was  then  opened, 
the  arc  terminated  and  the  charge  poured. 
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To  begin  operation,  the  furnace  was  pumped  down  to  less  than  1(X)  microns,  leak  checked 
and  then  backfilled  with  argon  to  a  pressure  of  8-  to  10-mm  Hg.  The  initial  melt  crucible  skull  was 
formed  by  feeding  approximately  125  tb  of  charge  in  an  empty  crucible  and  striking  an  arc  at  a 
power  setting  of  8,000  amps  and  32  volts.  After  a  pool  was  established  and  a  satisfactory  skull  was 
formed,  power  was  incrementally  increased  to  15,000  amps  and  44  volt;  the  nominal  melting 
parameters  for  this  alloy.  After  establishing  the  skull  and  bringing  the  pool  out  to  the  wall  of  the 
melting  crucible,  the  blended  raw  materials  were  fed  at  the  maximum  rate  at  which  they  could 
be  melted  in.  As  soon  as  the  furnace  was  filled  to  the  desired  capacity,  melt  power  was  terminated 
and  the  molten  metal  allowed  to  solidify  for  the  tilt-shake  sequence.  Upon  reestablishment  of  this 
molten  pool,  a  stabilized  heating  condition  was  maintained  at  12,000  amp.s  and  42  volts  for  a 
period  of  10  min  prior  to  pouring.  This  lower  power  input  was  used  in  order  to  remelt  the  charge 
to  a  lesser  depth  than  was  present  during  initial  melt-in,  thus  assuring  that  any  carbide  particles 
t-apped  in  the  skull  would  not  be  released  and  poured  with  the  molten  charge. 

At  the  end  of  each  of  these  cycles,  the  crucible  wa.s  charged  with  additional  raw  materials 
on  top  of  the  remaining  skull,  and  the  complete  cycle  was  repealed.  The  total  lapse  time  for  each 
cycle  was  on  the  average  70  min.  This  was  considerably  longer  than  the  normal  .30  to  40  min  due 
to  the  time  required  to  freeze,  shake  and  remelt. 

During  the  course  of  melting,  it  wa.s  nece.s.sarv  to  refill  the  feeder.  This  was  accomplished  by 
valving  off  the  feed  chamber,  backfilling  with  argon  to  atmospheric  jrressure.  withdrawing  the 
empty  feeder  can,  charging  a  previously  loaded  second  feeder  can  into  the  chamber,  sealing  and 
pumping  down  to  furnace  pressure.  This  procedure  typically  required  about  30  min.  which 
permitted  the  melting  to  proceed  with  only  a  minor  interruption. 

Twenty-one-in.  dia  electrodes  were  cast  using  a  bottom  withdrawal  system.  Internal  chips 
generated  with  noncarbide  tools  were  used  as  a  pouring  i)ad  at  the  bottom  of  the  O-fi  long  water- 
cooled  steel  casting  crucible.  Upon  solidification  of  each  pour,  the  electrode  was  positioned  for  the 
next  pour  by  withdrawing  it  the  necessaiy  distance  by  means  of  a  hydraulic  ram.  The  resulting 
electrodes  consisted  of  16  and  17  .succe.s.sive  pours  and  weighed  4.218  and  4.334  tb  for  Lots  A  and 
B,  respectively.  Figure  122  shows  the  second  of  these  two  electrodes,  F5,52. 

The  same  melting  procedures  were  followed  for  each  heat  excein  that  the  skull  produced, 
while  melting  lot  A  was  also  usedtomelt  lot  B.  Melting  of  both  heatsgenerally  proceeded  without 
delay  except  for  some  chute  blockages  which  occurred  during  the  last  irours  of  each.  These 
blockages  created  only  minor  delays,  however,  since  they  were  easily  dislodged  via  the  use  of  the 
built-in  bridge  breaker  rod. 

7.  Consumable  Melt  Practice 

The  21 -in.  dia  nonconsumable  melted  electrodes  were  inverted  and  vacuum  arc  consumable 
remelted  in  a  26-in.  dia  crucible.  Melting  was  initiated  at  6.000  amps.  32  volts,  at  a  pressure  of 
8  microns  and  was  increased  at  approximately  l.(XK)  amps/min  until  peak  |)ower  of  24.000  amps 
was  obtained.  After  a  short  time  at  peak  amperage,  the  power  was  gradually  reduced  to  a  steady- 
state  melting  condition  of  20,(K)0  amps  followed  by  a  gradual  reduction  in  jrower  to  complete  a  hot 
top  cycle  at  3. .500  amps.  VAR  melting  was  completed  without  incident  and  resulted  in  ingots  of 
3.645  tb  (F551)  and  3.760  lb  (F552)  for  Lots  A  and  B.  respectively.  P'igure  12.3  show.'ithe  26-in.  dia 
ingot,  heat  F.5r)l. 
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Chemistry  was  obtained  by  drilling  near  top  and  bottom  samples  Irom  Imiti  ni  iii--  HeMilis 
presented  in  Table  87  indicate  that  chemistry  was  well  within  spe(  ilii at mn  limits  w,iih  () 
content  falling  almost  right  on  anticipated  aims.  There  were  no  signitieani  (lillerem  between 
top  and  bottom  chemistries  of  either  ingot.  Grinding  was  performed  on  he/tt  Kbo:'  lim  to  a  rooKh 
surface  condition.  Although  the  exact  cause  was  not  determined,  it  was  speculated  that 
inadequate  cleaning  of  the  VAR  crucible  may  have  caused  this  situation  No  i undit mning  was 
necessary  on  heat  F551. 

8.  Ingot  Conversion 

The  ingots  were  sent  to  the  Ladish  Company  of  Cudahy,  Wisconsin  for  conversion  to  9-in. 
dia  forging  billet.  While  specific  details  of  the  conversion  operation  are  proprittary,  it  can  be  said 
that  the  conversion  was  by  means  of  cogging  on  a  3.000-ton  press.  'I’he  finishing  passes  were 
conducted  in  the  alpha-beta  region  using  round  dies  to  produce  the  billet.  The  overall  reduction 
ratio  of  8.35:1  yielded  approximately  30  ft  of  barstock  from  each  ingot.  P'or  ease  of  handling 
during  the  cogging  operation,  each  ingot  was  cut  into  thirds  to  produce  three  10-ft  lengths  of 
barstock  from  each  of  the  heats  F551  and  P552.  ' 

9.  Billet  Evaluation 

Figure  124  indicates  the  location  of  the  four  etch  slices  taken  from  master  heat  billet  BCB, 
corresponding  to  l>ot  A  (unseeded)  turnings,  Teledyne-Al.lA'Af'  master  heat  number  F551,  The 
three  lengths  of  billet  are  of  equivalent  si/e  so  that  etch  slices  H(>-48.5T  tind  140-48(51'  are  spaced 
at  1/3  intervals  along  the  length  of  the  master  heat  bar.  Figure  125  likewise  shows  the  etch  slice 
locations  from  master  heat  BBA,  corresponding  to  Li>t  B  (seeded)  turnings,  Teledyne-ALLVAC 
master  heat  number  F5,52. 

All  eight  etch  slices  were  polished  on  one  face  by  standard  metallographic  procedures  before 
being  etched  hy  Kroll’s  reagent.  Figures  126  through  133  are  macroithotographs  of  the  respective 
etch  slices.  These  photos  were  produced  by  a  collage  of  smaller  negatives  in  order  to  maintain 
resolution,  hence  the  mottled  appearance  of  some  figures.  The  bnear  defects  in  Figures  12(5,  129, 
and  I. 32  are  due  to  tne  etch  slice  location  being  too  close  to  the  end  of  the  billet  and/or  insufficient 
material  removal  from  (he  polished  face. 

Figures  134  through  l37  are  l(K)X  micrographs  of  acetate  replicas  pulled  from  the  central 
area  of  the  resitective  etch  slices.  No  evidence  of  foreign  material  was  found  in  any  of  the  etch 
slices.  A  few  isolated  areas  suggestive  of  excess  alpha  stahili/er  concentration  were  noted  in  etch 
slice  H(i-483B,  hut  in  no  case  was  (his  condition  worse  than  that  occasionally  observed  in  trittle 
melted  stock,  and  not  severe  enough  to  he  cause  for  rejection.  An  example  of  such  an  area  is 
shown  in  Figure  1 38. 

10.  Disk  Evaluation 

Four  1'F-.33  2nd-stage  fan  disks  were  successfully  forged  from  the  reclaimed  I'i  alloy 
barstock,  two  from  each  master  heat.  All  fotir  disks  were  sonically  inspected  ttnd  accepttal 
.tccording  to  flight  (piality  insitection  criteria. 

1'he  four  disks  were  also  blue-etch  anodi/e  inspected  and  were  shown  to  meet  the  (light 
(jualitv  standards  of  this  inspection  technitpie.  Blue-etch  ;tnodi/ing  is  a  verv  sensitive  ins|tection 
techtii<|ue  for  the  detectioit  of  (oreign  material  m.tssive  [th.ise  agglomt'r.it ion.  One  of  (h(>  disks  in 
the  sonic  machined  and  blue-etch  anodized  condition  is  showti  in  Figure  I. 39. 
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TABLE  87 

CHEMICAL  ANALYSES  OF  Ti-6A1-4V  SINGLE  REMELT 

INGOTS 


Element 

Spec 

AMS  m-JHi! 
Mill  Mux 

Aim 

Top 

E5ol 

Lot  A 

Hottiim 

Faai 

Lot  A 

Top 

F.552 

Lot  H 

Hottom 
/■'552 
Lot  H 

(' 

().10 

Lap 

o.o;i6 

o.o:i4 

0.058 

o.o;i2 

M.) 

0.01 

<0.01 

Sn 

0.02 

0.02 

<0.01 

‘  0.01 

Cr 

0.0061 

0.0071 

0.0076 

0.(X)79 

Ni 

0.0088 

0.1X196 

0.0151 

0.0158 

Fe 

0.15 

0.15 

0.16 

0.17 

0.16 

Cii 

0.10 

!^p 

0.0198 

0.0124 

0.16;i 

0.0254 

Zr 

0.01 

<0.01 

<0.01 

<0.01 

Mn 

0.0051 

o.(X):i5 

0.(X127 

O.tKKlH 

V 

ll.riO  4.50 

4.20 

4.05 

4.1X1 

4.10 

4.10 

A1 

5.50  6.75 

6.50 

6.;i5 

6.25 

6.15 

6.25 

Si 

0.10 

Lap 

0.02 

0.02 

0.02 

0  02 

0.005 

Ivap 

^  0.(K)5 

0.(K)5 

■  0.(X)5 

<  0.(X)5 

H, 

0.0125 

i..ap 

0.0006 

0.0014 

0.t)5 

l.Fap 

0.008 

0.(H)8 

0.(K)9 

0.009 

0/ 

0.20 

0.15 

0  161 

0. 1.52 

0.1.S8 

0.151 

R 

o.om 

1.4ip 

<  0001 

<-0.(K)l 

<0.001 

•  O.CXll 

Ti 

K«1 

Hal 

Ral 

Bal 

Bal 

'Average  ttf  Multiple  Huns 

Ingot  Top 


Ingot  Bottom 


Figure  124.  Billet  Cut-Up  of  Master  Heat  BCB.  (Teledyne  —  ALLVAC  F55I. 
Lot  A  Chips) 
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Figure  132.  Billet  Etch  Slice  H6-483T, 
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Figure  134.  Replica  from  Center  of  H6-484T 


Figure  135.  Replica  from  Center  of  H6-436B 


The  part  is  first  anodized  to  a  uniform  dark  blue  color.  It  is  then  immersed  in  a 
nitric/hydrofluoric  acid  solution  for  a  short  period  of  time  in  order  to  dissolve  most,  but  not  all  of 
the  anodic  oxide  film.  After  this  step  the  disk  is  a  light  pale  blue  color.  Defective  areas  appear 
either  dark  blue  or  metallic  silver  in  color.  This  is  due  to  the  fact  that  the  chemically  different 
defects  produce  anodic  oxides  which  dissolve  at  different  rates  than  the  anodic  oxide  formed  by 
the  bulk  alloy  composition. 

Each  of  the  four  disks  was  evaluated  metallographically  at  six  locations.  This  was 
accomplished  by  polishing  a  spot  about  1  in.  in  diameter  at  the  desired  location  followed  by 
etching  and  replication  of  the  surface  with  acetate  tape.  The  resulting  micrographs  and  their 
locations  are  shown  in  Figures  140  through  143.  In  all  cases  the  etchant  used  was  KroH’s  reagent. 

11.  Chemistry  Analysis  Of  Billets 

Chemical  analyses  were  performed  on  24  specimens  selected  to  give  a  representative 
sampling  of  the  billets.  Tables  88  and  89  summarize  the  results  of  these  analyses.  Chemical 
variations  were  found  to  exist  along  the  length  of  the  ingots  as  well  as  through  their  cross  sections. 
Figures  144  through  149  depict  the  variation  in  chemistry  vs  corresponding  ingot  location  and 
cross  section.  Although  most  of  the  heats  were  generally  within  specification  limits.  Figures  26 
and  28  show  that  heat  F552  locally  exceeded  the  requirements  for  hydrogen  and  oxygen  levels.  In 
general,  the  graphs  show  that  the  beta-stabilizing  elements  tend  to  segregate  toward  the  center 
of  the  billet/bars  while  the  alpha-stabilizing  elements  are  segregated  to  the  mid-radius  and  outer 
radius  of  the  mill  products. 

Thus,  the  chemistry  evaluation  of  disk  forgings  indicated  a  general  conformance  to 
specification,  with  high  gas  elements  and  no  significant  trace  element  levels. 

D.  SUPERALLOY  GRINDINGS  AND  SLUDGE  SEPARATION  PROCESS  (PHASE  II) 

1 .  Background  Information 

Phase  I  efforts,  substantiated  by  data,  have  realized  economic  |)otpntial  from  a  superalloy 
grinding/sludge  scrap  product  that  is  pre.senfly  considered  relatively  worthle.ss.  Separation 
(molten  salt  and  melting)  effort  was  made  in  Phase  1  on  developmental  quantities  to  establish 
process  feasibility.  Additional  processing,  including  qviantity  scale-up,  was  required  to  establish 
process  economics.  On  this  basis.  P&WA  pursued  Ni-ba.se  grinding  and  sludge  reclamation 
during  Phase  II  contract  activities,  as  originally  schedtiled. 

2.  Phase  II  Processing 

Two  lots  of  nickel-base  superalloy  sludge  were  )>rocurpd.  each  lot  consisting  of  about 
1100  lb  (wet).  This  quantity  of  material  was  considered  adeciuate  for  evaluation  studies  at  an 
intermediate  level  of  process  scale-up. 

Operational  difficulties  were  encountered,  incbiding  an  aiqiarent  inability  to  maintain  a 
fully-molten  salt  bath  pool,  in  the  Frankel  ('o.  molten  salt  facility  utilized  in  Phase  I  for 
ecological  incineration  of  sludge  combustibles,  .'salt  bath  eciuitmient  malfunction,  including 
localized  sheet  metal  buckling  and  crat  king.  indi<  at<‘d  th.al  an  alternate  grindings/sludge  drying 
method  would  be  required  to  m.-iinfain  Pha.'ic  I)  schedule  conjinitments.  Accordingly,  sludge 
drying  was  accomplished  in  conventional  extract  ion 'drving  equiiiment.  Although  this  procedure 
does  not  attain  the  absolute  drvness  level  ot  salt  hath  lacilitv  incineration,  it  was  deemed 
advi.sable  to  determine  process  limitations  nl  the  'ubsequeni  melting  operation. 
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Metallographic  Review  of  Disk  BC 8-2001  (All  Micrographs  lOOX) 


180  deg  Flange 

Metallographic  Review  of  Disk  BBA-2(m  (All  Micrographs  ('K)X) 


TABLE  88 

CHEMICAL  COMPOSITIONS  OF  TELEDYNE  CONVERTED 
BILLET  HEAT  F651 


Element 

Location 

Coneaponding  Ingot  Poaitiona 

Top  Bottom 

Top  Middle  Middle  Bottom 

Average 

M 

Ed(te 

6.082 

6.102 

6.064 

6.171 

Midradius 

5.724 

5.845 

6.163 

6.101 

Center 

5.944 

6.074 

5.805 

6.040 

6.010 

V 

Edge 

3.672 

3.711 

3.7,53 

3.4,34 

Midradius 

3.791 

3.802 

3.6,50 

3. .572 

Center 

3.571 

3.852 

3.801 

.3.615 

,3.685 

CR 

Edge 

0.125 

0.11 1 

0.08,3 

0.122 

Midradius 

0.1,35 

0.14,3 

0.102 

0.105 

Center 

0.144 

0.162 

0.151 

0.130 

0.126 

MN 

Edge 

0.103 

0.105 

0.110 

0.083 

Midradius 

0.105 

0.113 

0.103 

0.103 

Center 

0.114 

0.125 

0.112 

0.105 

0.107 

FE 

Edge 

0.182 

0.160 

0.181 

0  130 

Midradius 

0.182 

0.20.3 

0.174 

0.151 

Center 

0.215 

0.232 

0.19,3 

0.151 

0.180 

MO 

Edge 

0.0.30 

0.0.32 

0.022 

0,033 

Midradius 

0.022 

0.0.33 

0.021 

0.021 

Center 

0.031 

0.0,34 

0.023 

0.021 

0.027 

H 

Edge 

0.0094 

0.0120 

0.0099 

0.00,59 

Midradius 

0.0080 

0.0100 

0.0063 

0.0086 

Center 

0.0051 

0.0074 

0.0052 

0.0053 

0.0078 

N 

Edge 

0.0034 

0.0080 

0.00.36 

0.0047 

Midradius 

0  0074 

0.00.35 

0.0047 

0,(XM8 

Center 

0.00,37 

0.00.31 

0.0043 

0.0082 

0.0050 

O 

Edge 

0.1405 

0.1,580 

0.1690 

0,1785 

Midradius 

0.1,565 

0.1490 

0,1665 

0.1465 

Center 

0.1465 

0.14,35 

0.1.385 

0  1.580 

0.1.54.3 

TABLE  89 

CHEMICAL  COMPOSITIONS  OF  TELEDYNE 
CONVERTED  BILLET  HEAT  F552 


Corresponding  Ingot  Positions 


Element 

Location 

Top 

Top 

Middle 

Bottom 

Middle 

Bottom 

Average 

Al 

Edfte 

S.853 

5.874 

5.951 

6.182 

Midradiua 

5.774 

5.813 

6.062 

6.224 

Center 

5.672 

5.833 

5,950 

5.933 

5.927 

V 

Edge 

3.8a5 

3.844 

4.013 

3,621 

Midradiua 

3.975 

3.952 

3.702 

3.443 

Center 

4.032 

4.011 

3.515 

3,630 

3.795 

CR 

Edge 

0.275 

0.203 

0.153 

0.122 

Midradiua 

0.212 

0.234 

0,160 

0.161 

Center 

0.235 

0.270 

0,240 

0,232 

0.208 

MN 

Edge 

0.105 

0.0.041 

0.034 

0.021 

Midradiua 

0.030 

0.041 

0.051 

0.024 

Center 

0.042 

0.024 

0.041 

0.022 

0.034 

H 

Edge 

0.0117 

0.0081 

0.0150 

0.0086 

Midradiua 

0.0094 

0.0100 

0.0057 

0.0069 

Center 

0.0093 

0.0059 

0.0057 

0.0079 

0.(X)87 

N 

Edge 

0.0035 

0.0071 

0.0043 

0.(X)37 

Midradiua 

0.0086 

0.0087 

0.(M)38 

0.(X)43 

Center 

0.00R1 

0.0042 

0.0044 

0.0084 

0,(X158 

0 

Edge 

0.1335 

0.I5I5 

0.1720 

0.1675 

Midradiua 

0.1565 

0.1685 

0.1610 

0.1750 

Center 

0.1590 

0.1570 

0.1700 

0.2400 

0.1676 

I 


Middle 


Bottom 

Middle 


Heat  F552 
Heat  F551 
Nominal  Ingot 
Composition  (4.0%) 


Fiflurt’  145.  Variation  in  Vanadium  Content  rs  Ingot  Position 


Nominal  Ingot 
Composition  (0  35%) 

_  Heat  F551 
_ Meat  F552 

Fifiiire  146.  Variation  in  Composition  rx  Inf’ot  I’tisitian  I Fv  t  Mo  +  Mn  t  Cr) 


$ 


Heat  F551 
Nominal  Ingot 
Composition  (0  0125%) 
Heat  F552 


fD  '5195?. 


Figure  MS.  Variation  in  Nitrogen  Content  l\s  Ingot  Position 


Separation  of  metallic  particles  from  abrasive  compounds,  i.e.,  AljO,,  SiC,  etc.,  was  then 
achieved  in  a  Moore  Rapid  Electromelt  electric  arc  melting  furnace  at  Exomet,  Inc.  of 
Greenville,  Pa.  Tliis  air  furnace,  rated  at  350-!b  max  output  load,  is  of  conventional  three-phase 
carbon  electrode  design.  As  the  furnace  interior  had  been  relined,  a  “wash-heat”  of  iron  sheet 
clippings  was  not  required. 

The  furnace  was  charged  with  950  tb  of  dried  sludge  product  A.  This  charge  was  not 
sufficiently  conductive  to  sustain  the  furnace  arc;  approximately  3  lb  of  iron-sheet  clippings  were 
thereupon  added  to  the  charge  to  initiate  melting.  Minor  additions  to  the  charge  were  made 
during  the  3- hr  melting  cycle  to  promote  fluidity  for  siag/metal  separation  (28  lb  of  fluorspar)  and 
to  protect  the  furnace  liner  (10  lb  of  lime).  A  voluminous  quantity  of  offensive  smoke  ensued, 
evidently  related  to  the  higher  moisture  plus  oil  content,  but  melting  proceeded  smoothly  without 
interruption.  The  fluidity  additives  aided  in  separation  of  the  heavier  metallic  phase  from  the 
less-dense  slag  of  contaminant  abrasives,  the  slag  being  poured  off  intermittently  as  melting 
proceeded.  Upon  completion  of  the  melting,  plus  a  15-min  holding  period  to  permit  final 
slag/metal  separation,  the  molten  metal  was  poured  into  a  sand  mold  to  obtain  a  large  pancake¬ 
shaped  ingot. 

Sludge  product  B,  of  908-lb  input  of  a  different  chemical  composition,  was  dried  and  melted 
in  a  similar  procedure  except  that  this  batch  was  electrically  conductive  and  did  not  require  the 
addition  of  iron  sheet  clippings  to  initiate  melting.  Additives  used  during  this  3-hr  melt  were 
31  lb  of  fluorspar  and  10  tb  of  lime.  Smoke  evolution  was  again  severe. 

Slag  contaminant  that  remained  with  the  molten  metal  at  the  moment  of  ingot-pour  was 
readily  removed  upon  ingot  solidification;  the  attached  brittle  slag  fractured  easily  upon  hammer 
impact.  As  a  final  attempt  to  upgrade  the  quality  of  the  recovered  metal  product  from  superalloy 
grinding  sludge,  a  15-lb  portion  of  each  air  melt  ingot  was  vacuum-induction  remelted  and  recast 
into  cast  iron  ingot  molds. 

3.  Material  Balance  —  Phase  II  Conventional  Drying  Process 

Data  enabling  a  materials  balance  (input  vs  output)  for  the  conventional  drying  of  two 
batches  of  superalloy  sludge  (chemically  different)  are  given  in  Table  90.  The  level  of  volatiles 
(moisture)  and  obnoxious  combustibles  (oils)  was  reduced  about  50'’f  and  thereby  enabled 
subsequent  arc-melt  processing;  however,  smoke  evolution  would  not  attain  acceptable  standards 
without  additional  absorption  controls  during  the  melting  operation. 

4.  Material  Balance  —  Phase  II  Pyrometallurgical  (Melting)  Process 

A  materials  balance  (input  vs  output)  is  presented  in  Table  91  data  for  the  Exomet,  Inc. 
electric  arc  melting  process  that  was  utilized  to  convert  the  two  dried  superalloy  sludge  products 
into  cast  ingots.  A  finite  amount  of  metal  was  retained  in  the  furnace  lining  after  each  melt 
thereby  slightly  reducing  the  accuracy  of  the  recovery  measurements,  but  this  was  deemed 
insignificant  since  the  furnace  was  charged  to  capacity. 

A  photo  of  the  electric  arc  melting  facility  is  given  in  Figure  150;  intermittent  pouring  off  of 
slag  by  reverse  tilting  of  the  furnace  is  shown  in  the  top  view  while  pouring  of  the  molten  metal 
into  the  ingot  mold  is  shown  in  the  bottom  view. 

5.  Chemical  Analyses  —  Phase  II  Processed  Superalloy  Sludges 

Pertinent  chemical  analyses  of  volatiles  plus  mositure  and  elements  were  performed  during 
the  processing  steps  of  both  batches  of  superalloy  sludge.  Specifically,  analy.ses  were  made  of  the 
as-received  condition,  conventionally  dried  residue,  electric  arc  melted  ingot,  and  vacuum 
induction  remelted  ingot.  Resultant  data  are  presented  in  Tables  92  and  93. 
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TABLE  90 

MATERIAL  BALANCE  OF  SUPERALLOY 
SLUDGE  DRYING  PROCESS 


Histoo' 


Run  No. 

1 

2 

Material 

Sludge  A 

Sludge  B 

Condition 

Wet 

Wet 

Source 

Custom  Tool 

Custom  Tool 

Input 

Weight,  tb 

1146.0 

1130.0 

Oil  Plus  Moisture,  ’r 

21.0 

21.8 

Nickel,  ‘c 

38.7 

43.2 

Nickel  Weight,  tb 

,^50.4 

425.7 

Output 

Weight,  tb 

962.0 

912.0 

Oil  Plus  Moisture.  '’J 

9.1 

6.2 

Nickel,  ‘T 

38.1 

40.3 

Nickel  Weight.  Cf 

3.33.2 

344.7 

Recovery 

Nickel  Recovery,  ‘'i- 

65. 1 

81.0 

* 


TABLE  91 

MATERIAL  BAl^NCE  OF  ELECTRIC  ARC 
FURNACE  MELTING  PROCESS 


History 


Run  No. 

1 

2 

Material 

Sludge  A 

Sludge  B 

Condition 

Wet 

Wet 

Source 

Custom  Tool 

Custom  Tool 

Input 

Weight,  tb* 

950.0 

908.0 

Oil  Plus  Moisture. 

9.1 

0.2 

Nickel,  ‘’r 

38.1 

40.3 

Nickel  Weight,  tb 

329.0 

343.2 

Output 

Weight,  tb 

514.5 

515.6 

Nickel,  % 

62.0 

64.1 

Nickel  Weight,  *7 

319.0 

330.5 

Recovery 

Nickel  Recovery,  *7 

97.0 

96.3 

*  Minor  input  weight  discrepancies  between  output  and  these  data 
are  related  to  shipping  losses  and/or  scale  accuracies  at  different 
locations.  _  _ 
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Pouring  of  Suporalioy  Molten  Metal  Into  Ingot  Mold 


/.V/  f-.'/cclnc  .Ire  Air  /■'iirtiim'  fur  Mrltini:  nf  Itrivd  Si/pcral/ii} 

TiipX  irii  liilrrmilli  iil  l‘<nirnip  Ilf  Sliif;  liiilliini  \’irii  I’ininu 
III  SiiniTiillii\  Mnhrn  Mrtiil  Inin  lnf;nt  Mnitl 


*.x  > 


TABLE  92 

CHEMICAL  ANALYSES  OF  PHASE  II  SUPERALLOY  SLUDGE  BATCH  A 


As'Received 

Condition 

Conventionally 
Dried  Residue 

Electric  Arc 
Melted  Ingot 

Vacuum  Induction 
Remelted  Ingot 

Hist(»ry 

Run  No.  1 

Material  — *  Sludge  A 
Source  —  Custom  Tool 

% 

Analysis  tW/0) 

Oil  +  Moisture 

21  0 

9.1 

_ 

_ 

Ni 

28.7 

nft.l 

02.0 

62.4 

Co 

1.22 

1 .05 

2.70 

2.65 

Cr 

10.5 

8.6 

12.5 

12.0 

(\i 

— 

().(»5 

0.15 

0.12 

Ke 

6.80 

4.28 

8.0 

9.8 

Mn 

— 

0.07 

0.21 

0.21 

Mo 

O.fi 

0.52 

1  .:uu 

1.29 

Ti 

I.O 

2.07 

1.46 

V 

— 

_ 

0.04 

0.04 

W 

— 

<0.1 

0..*^ 

0.2 

A1 

— 

0.R2 

0..5R 

0.4S 

Ch 

- 

0.4 

0..5 

0.4 

Si 

2  57 

c 

_ 

5.57 

5.57 

S 

— 

- 

(1.104 

0.090 

TABLE  9'^ 

CHEMICAL  ANALYSES  OF  PHASE  II  SUPERALLOY  SLUDGE  BATCH  B 

A  s-Received 
Condition 

Conventionally 
Dried  Residue 

Electric  Arc 
Melted  Ingot 

Vacuum  Induction 
Remelted  Ingot 

History 


Run  No.  2 

Material  —  Sludge  B 
Source  —  Custom  Tool 


Analysis  (W/0) 


Oil  *  Moisture 

12.8 

6.2 

— 

— 

Ni 

43.2 

40.3 

64.1 

62.2 

Co 

3.50 

2.45 

2.25 

3.32 

Cr 

12.8 

8.3 

12.4 

13.8 

Cu 

— 

0  04 

0,10 

0.18 

Fe 

3.90 

3.25 

7.1 

8.3 

Mn 

- 

0  06 

0.15 

0.15 

Mn 

2.2 

1  10 

1,20 

1.62 

Ti 

— 

TO 

0.55 

0.94 

V 

— 

0.02 

0.03 

w 

— 

'01 

0.2 

0.7 

Al 

— 

0  92 

0.10 

0.05 

Cb 

— 

0  4 

0.2 

0.4 

.Si 

- 

- 

5,00 

5.01 

C 

- 

- 

1.92 

1.92 

s 

- 

0.197 

0.162 

■Oi 


6.  Analysis  of  Phase  II  Data 

Based  upon  the  chemical  analysis  of  the  electric  arc  melted  ingot  and  the  vacuum  induction 
remelted  ingot  (Tables  92  and  93),  there  were  no  appreciable  benefication  attained  during 
vacuum  induction  remelting.  This  conclusion  agrees  with  earlier  Phase  I  ingot  data  generated  on 
developmental  quantities  (500-tb  input  weight)  of  grinding  sludges.  An  inexpensive,  alternate 
choice  to  vacuum  induction  remelting  for  benefication  may  be  melt  oxidation  during  electric  arc 
melting;  this  choice  is  discussed  later  in  this  text. 

Metal  recovery  is  considered  high  in  both  of  these  Phase  II  runs  conducted  with  about 
1100  tb  of  input  sludge  per  run;  this  quantity  was  considered  adequate  for  the  Phase  II 
intermediate  level  of  process  scale-up.  An  appreciable  cost-effectiveness  could  be  realized  by  the 
62-64  W/0  nickel  recovery  obtained  (Tables  92  and  93).  However,  as  discussed  earlier,  it  may  not 
be  prudent  to  consider  these  data  as  representative  of  all  grindings  and  sludges  when  arriving  at 
firm  process  conclusions. 

Two  pertinent  criteria  exist  that  influence  the  ultimate  cost-effectiveness,  namely  (al  the 
compositional  grade  of  the  as-received  grinding  sludge  ])roduct  and  (b)  the  quantity  and  type  of 
elemental  contaminants  retained  in  the  melted  ingot.  These  criteria  are  discussed  in  the  following 
paragraphs  in  more  detail. 

a.  Grinding  Sludge  input  Composition 

Pha.se  II  runs  originated  with  commercially  generated  superalloy  sludges  of  little  economic 
value.  No  attempt  was  made  to  select  the  composition  or  (jualits' ol  the  ini)ut  sludge  except  that 
a  reasonable  level  of  superalloy  content  should  be  present.  It  has  been  determined  to  he  difficult, 
if  not  impractical  to  effect  a  scrap  management  system  on  grindings  and  shidges  since  industrial 
production,  collection  and  handling  i.s  far  le.ss  .sophi.'ficated  as  compared  It)  the  area  of  scrap 
turnings  and  solids.  As  the  input  composition  of  grindings  and  sludges  can  vary  over  a  wide  range, 
the  recovered  valtie  of  the  melted  product  will  vary  accordingly.  Input  material  that  is  “lean"  in 
desirable  nickel  content  will  yield  a  reduced-level  nickel  ingot  product  with  a  corresponding 
reduction  in  value.  Therefore,  process  economics  will  be  affected  b>  specific  input  compositions 
and  must  be  treated  accordingly. 

b.  Retained  Contaminants  in  Output  Ingot 

'I'he  market  value  of  the  output  ingot  from  grinding  sludge  suireralloy  scrap  will  be 
innuenced  by  the  quantity  and  type  of  elemental  contaminants  retained  in  the  melted  ingot.  Fe 
is  usually  not  of  concern;  however,  ingots  containing  even  a  minor  level  of  To  will  have  restricted 
use  for  alloying  additions  in  the  stainless  steel  industry  although  it  ma\'  have  usage  in  the  cobalt- 
base  alloy  industry.  Appreciable  VV  levels  are  undesirable;  both  f'o  and  W  are  not  readily 
removable.  Some  elements,  when  present  in  objectionable  levels,  may  be  reduced  by  effecting 
oxidation  (commonly  termed  “air-lancing"  or  “blowing")  during  *he  electric  arc  melting 
operation.  It  would  be  expected  that  contaminant  levels  of  (^.  .Si.  Ti.  Al.  Tb.  etc.,  would  be 
effectively  reduced  by  incorporating  this  step  in  the  melting  operation.  As  this  further  metal 
benefication  can  improve  grinding  sludge  scrap  recovery  value  with  minimal  additional  process 
cost,  it  is  deemed  advisable  to  add  this  “air-lancing"  slej)  to  future  melting  ojierations  ))lanned 
in  Phase  III. 

It  must  he  recognized  that  the  final  composition  ot  recovered  superalloy  grinding  sludges 
will  always  varv  from  lot-to-lot  due  to  the  lack  of  alloy  segregation  conirols  in  generation  of  this 
sera))  This  will  intluence  the  market  acceiitability  of  this  recovered  iiroduct  and  thereby  reduce 
Its  value;  however,  there  does  appear  to  be  a  market  in  the  stainless  and  alloy  steel  industries  for 
this  material. 
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SECTION  XI 


MODEL  SCRAP  HANDLING  SYSTEM 


A.  IMPLEMENTATION  OF  A  MODEL  SCRAP  HANDLING  SYSTEM 

1.  Selection  of  a  Company  for  System  Implementation 

Analyses  of  the  aerospace  Scrap  Survey  data  were  made  with  emphasis  on  the  generated 
quantities  of  titanium  alloy  (Ti)  open-market  scrap  (i.e.,  saleable  scrap  of  varying  quality  grade 
that  is  generally  marketed  to  scrap  processors  and  dealers).  Specific  attention  was  given  to  the 
quantity  of  mixed  and/or  contaminated  Ti  alloy  scrap  as  reported  by  the  29  industrial  companies 
who  responded  to  this  portion  of  the  survey.  It  was  assumed  that  those  companies  generating 
appreciable  quantities  of  mixed/contaminated  scrap  might  not  have  an  effective  scrap  handling 
system,  and  therefore,  would  be  interested  in  the  potential  economic  benefit  of  a  Model  Scrap 
Handling  System. 

The  character  and  quantity  of  the  mixed/contaminated  Ti  scrap  were  again  reviewed,  and 
10  of  the  29  responding  companies  were  isolated  as  prospective  candidates.  Subsequently,  the  list 
was  narrowed  down  to  three  companies,  and  these  prospects  were  contacted  to  determine  their 
potential  interest  in  a  trial  imi)lementati()n  of  the  Model  System.  Visits  were  subsequently  made 
by  a  joint  P&WA/Subcontractor  (Suisman  and  Blumenthal.  Inc.)  team  to  further  define  and 
assess  System  applicability  at  these  companies. 

A  forging  company  with  extensive,  affiliated  machining  requirements  was  finally  selected 
for  implementation  of  the  Model  System.  It  was  agreed  to  attempt  implementation  during 
Phase  n  over  a  6-month  trial  period  consistent  with  system  development;  Suisman  and 
Blumenthal,  Inc.,  under  a  subcontract  to  P&WA.  would  monitor  the  progress  of  Model  System 
implementation,  and  provide  appropriate  guidance  during  the  trial  period. 

2.  Analysis  of  Implementor's  Scrap  Generation  Data 

Data  were  requested  and  received  Irom  the  implementor  regarding  details  of  scrap 
generation  (quantity,  alloys,  degree  of  segregation/contamination.  value,  etc.)  over  a  period  of  the 
last  2  years.  These  data  compared  favorably  with  1972  Scrap  .Survey  Data.  The  implementor  data 
indicated  a  strong  effort  was  applied  (with  very  successful  reported  results)  in  maintaining  the 
segregation  of  titanium  and  superalloy  scrap  when  in  the  solid  configuration.  In  contrast,  the 
applied  effort  to  separate  and  maintain  segregation  of  titanium  and  superalloy  turnings  had  not 
t)een  optimum  and  a  high  degree  of  unsegregation  resulted  for  the  turnings  configuration.  These 
data  are  not  uncommon  and  reflect  normal  machine  shop/fabrication  industry  data.  In  general, 
it  appears  that  it  is  far  easier  to  segregate  and  maintain  the  segregation  of  solid  scrap  as  compared 
to  turnings,  especially  when  components  of  many  alloys  are  being  fabricated.  The  implementor 
subsequently  recognized  the  need  for  segregative  action  on  superalloy  scrap  turnings  and 
effectively  corrected  the  superalloy  contamination  problem. 

3.  Suggested  Model  System  Guidelines 

Subsetpicnt  to  t  he  review  ol  data,  the  P&WA  Program  Manager  and  t  he  Scrap  Management 
subcontractor  visited  the  implementor  to  review  the  pertinent  aims  and  goals  of  the  Model  Scrap 
Handling  System,  with  [larticular  regard  for  cost -effect  ivity  (see  Appendix  A),  and  toohserve  the 
features  of  the  implementor's  present  .system,  i.e,,  scrap  generation,  handling  and  transportation 
procedures,  and  final  disposition  of  aerospace  scrap  metal. 


311 


'i.'-'.i.UUK.MI 


Based  <in  this  visit,  P&WA  summarized  the  information  ohlained  in  a  letter  to  the 
implementor,  comparing  their  existing  handling  .system  with  features  of  the  Model  System,  and 
highlighting  general  areas  where  significant  cost  savings  appear  possible.  Detailed  specific  and 
practical  scrap  handling  system  procedural  changes  and/or  modifications  directlv  ap|)licablc  to 
the  forging  and  machining  operation  were  suggested.  Kach  of  the  siiggesteti  changes  should 
imt)rove  the  value  of  their  scrap  metal,  and  the  scrap  handling  system  implementor  had  the 
option  to  select  any  or  all  of  the  suggestions  which  are  brieHy  summarized  as  follows: 

1.  Appoint  a  "Scrap  Manager." 

2.  Install  a  formal  ‘‘.Scrap  Recycling  Department." 

.'I.  Procure  necessary  ecpiipment  —  install  platform  scale,  testing  ecpiipment 
such  as  thermoelectric  testers  and  hand  magnets,  and  barrel  ct)ntainers. 

(Note  that  barrels  inherently  reduce  misgrading  losses  since  a  misgraded 
barrel  volume  is  far  less  than  a  hopper  volume.) 

4.  Segregation  control  at  source  of  scrap  generation  -  proper  tagging  color 
coding  of  barrels  at  individual  machines. 

.'i.  Initiate  segregation  of  Ti  turnings  by  alloy  type. 

6.  Spot-check  scrap  heIVtre  shipping  —  avoid  future  misgrading  by  applying 
corrective  segregation  control. 

7.  Systematic  reporting  of  segregation/misgrading  to  departments  and  individ¬ 
uals  involved  —  promotes  active  participation. 

8.  Standardize  scrap  selling  procedure  —  provide  allowances  for  magnetic  and 
moisture  contents. 

4.  Accepted  Model  System  Guidelines 

The  implementor  reviewed  all  the  guidelines  of  the  suggested  system  and  thereupon 
established  acceptable  guidelines  that  were  deemed  fully  appropriate  for  his  specific  forging  and 
machining  operations.  Pertinent  guideline  highlights  of  the  acceptable  system  are  as  follows: 

1.  System  implementation  would  be  applied  for  the  period  1  October  1976 
through  .11  March  1977. 

2.  System  direction  would  be  to  initiate  and  maintain  effective  separation  of  Ti 
alloy  scrap.  (Note  —  superalloy  separation  has  been  effectively  utilized  at 
this  company.) 

1.  Ti  segregation  (turnings  and  solids)  would  be  applied  to  CP  Ti.  Ti-6A1-4V, 
Ti-.'5Al-2.5Sn.  and  Ti-8AI-lMo-IV  alloys. 

4,  Segregated  collection  would  be  effected  by  the  procurement  and  installation 
of  one  yd®  volume  transport  containers  at  individual  machine  areas. 
Appropriate  color  coding  for  alloy  designation  would  be  maintained. 

P).  rustom-manufactured  lugger  boxes  of  lO-yd®  volume,  with  the  aforemen¬ 
tioned  alloy  color  coding,  would  be  fabricated  for  receiving  scrap  by  fork  lift 
transportation  from  the  machine-area  containers. 
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(i.  Luftger  boxes  would  be  sampled  (for  complete  elemetilal  iitiii!\'ses  of  melted 
samples)  when  full  and  transported  by  lu^'^'er  truck  to  the  scrap 
dealer/processors  yard. 

7.  The  dealer  would  t)erform  cursory  spot  cbeckinf,'  of  each  liijiyer  box  load 
(ihermometric  contact  meter  for  elemental  vs  allov  Ti.  chetnical  test  kit  lor 
alloy  elemental  identification,  visual  inspection)  before  dumping  aeceptablv 
segregated  loads  into  concrete  storage  areas  that  appropriatelv  maintain  the 
alloy  color  coding. 

8.  'I'he  dealer  would  advise  the  implementor  of  segregation  (pialitv  o|  each 
lugger  load  within  '1  days  of  pickup  for  feedback  of  svsiem  efiect  iveness. 

9.  ('ombined  monitoring  bv  I’&WA/Subcont ractor  ol  i he  lugger  box  anaivses. 
reported  dealer  spot  checks,  scrap  market  vaUie.  (>ic..  would  enable  the 
determination  ol  Model  Svsiein  cosl-efleetivetiess  over  this  implementation 
period. 

10.  A  firm  decision  on  stanHardi7alion  of  the  scrap  selling  procedure,  namely  a 
provision  for  inherent  magnetic  and  moisture  content,  would  be  resolved 
later. 

B.  MODEL  SYSTEM  RESULTS 

1.  Scrap  Generator  (i.e.,  —  System  Implementor)  Results 

A  total  of  2:1  lugger-box  loads  of  turnings  were  collecK'd  by  the  scrap  generator  li.e.. 
system  implementor'  during  the  (1  months  duniiion  of  ,'svstem  Implementation.  The  total 
quantities  of  various  segregated  titanium  alloys  <ollecled  during  this  period,  along  with  a\erage 
recovered  values,  are  summttrized  as  follows: 


AMS 

Alloy 

Color  ('ode 

Total  Wcifthl 
(th) 

Al'craftv  Valm 

4921 

F’ure  T'i 

Blue 

1 1 .(;:(() 

o.:).'s 

4928 

Ti-()A1-4V 

F^ed 

27.480 

(i.:)()-o.:(.r, 

496fi 

Ti-5Al-2.riSn 

Yellow- 

7.('o0 

0.20 

4972 

Ti-8AMMo-lV 

Orange 

2.010 

0.20 

— 

Mixed  (contaminated) 

- 

8.140 

0.10 

A  review  of  these  data  indicate  that  the  scrap  generator  limplementor)  realized  a  financial 
gain  of  about  $8,700  during  this  collection  period  by  the  implementation  of  a  Model  System  to 
segregate  Ti  alloy  turnings.  It  is  estimated  that  .$.'>,100  of  this  savings  was  attributed  to  true 
segregation  and  the  remainder  was  due  to  improving  market  conditions  during  this  period. 
Complete  details  of  collection  rates  for  the  variotis  alloys  during  the  implementation  period  are 
given  in  Table  94. 

2.  Scrap  Dealer/Processor  Results 

The  scrat)  dealer/processor  conducted  prompt  (usually  within  48  hr)  chemical  testing  of 
each  full  lugger  box  f)f  Ti  alloy  turnings  upon  delivery  of  the  box  to  his  [ilant.  Mulli|)le  “grab- 
samples”  were  taken  from  each  box  to  obtain  random,  representative  sam|)ling.  This  “spot¬ 
checking"  (i.e..  -  thermometric  contact  meter  t<i  identify  pureTi  from  Ti  alloy,  chemical  test  kit 
for  elemental  alloys)  was  cursory  in  nature  hut  it  did  enable  (puck  judgment  on  the  segregated 
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quality  of  each  lugger  box.  This  information  wan  thereupon  provided  to  the  .scrap  generator  (i.e.. 
—  system  implementor)  for  his  “feedback”  on  System  effectiveness.  Appropriate  System 
remedial  action  could  then  be  taken,  as  required,  to  correct  System  deficiencies  before  large 
volumes  of  mixed  (contaminated)  scrap  were  generated. 


TABLE  94 

SUMMARY  OF  TITANIUM  SCRAP  TURNINGS  COLLECTED 
DURING  MODEL  SYSTEM  IMPLEMENTATION 


Month 

AMS  4921 
Pure  Ti 
(th) 

AMS  4928 
Ti-6Al-4V 
(th) 

AMS  4966 
TiSAl-2.5Sn 
(th) 

AMS  4972 
Ti-SAl-lMo-IV 
(th) 

Mixed 

Contaminated 

(th) 

Oct  (1976) 

_ 

— 

2,a04 

_ 

_ 

Nov 

— 

13.616 

1.872 

3,140 

Dec 

.5.1.52 

— 

4,960 

_ 

Jan  (1977) 

— 

3.940 

1,44,5 

— 

Feb 

1.804 

3.287 

— 

— 

— 

Mar 

205 

1,480 

6.010 

2,090 

Total 

2.009 

27.47,5 

11.63! 

7,0,50 

3.140 

A  total  of  502  spot-checks  were  conducted  during  the  implementation  period.  These  data, 
summarized  in  Table  9.'i.  indicate  that  system  implementati(m  was  highly  effective  in 
maintaining  scrap  segregation. 

TABLE  95 

“SPOT-CHECK”  ANALYSES  DATA  OF  COLLECTED  SCRAP 
DURING  MODEL  SYSTEM  IMPLEMENTATION 


Ti  Alloy 

Quantity  of  Spot  Checks  Performed 

Acceptable  (Segregated) 

Unacceptable  (Contaminated) 

AMS  4921  (Pure  Ti) 

* 

• 

AMS  4928  (Ti.6A1.4V) 

314 

2 

AMS  4966  Ti..5A1.2..5Sn) 

121 

1 

AMS  4972  (Ti-SAMMo-lV) 

64 

0 

'Data  unavailable 

s 

i 

3.  Contractor/Subcontractor  Results 

Repre.sentative  .samples  of  Ti  turnings  from  all  2.‘1  lugger-box  loads  collected  during  the 
system  implementation  period  were  than  arc  melted  into  cast  buttons.  Melting  was  performed  in 
purified  argon  using  a  water-cixiled.  Ihoriated  tungsten  nonconsumable  electrode  and  a  water- 
cooled  copper  button  mold.  Complete  chemical  and  interstitial  anal\ses  were  than  performed  on 
the  cast  buttons.  Analyses  data  are  summarized  in  Table  9b. 
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TABLE  96 

CHEMICAL  AND  INTERSTITIAL  RESULTS  OF 
COLLECTED  SCRAP  DURING  MODEL  SYSTEM  IMPLEMENTATION 


Chemical  Analysis  (w/o) _ Intentitial  Analysis  (w/o) 


Lugger 
Box  No. 

Composition 

(Intended) 

Element 

Specification 

Element 

Specification 

Minimum 

Maximum 

Actual 

Maximum 

Actual 

Blue  No.  0 

AMS  4921 

Al 

— 

— 

<0.00.'i 

r 

0.08 

0.049 

(Pure  Til 

V 

— 

— 

<0.(X).'i 

0 

0.40 

O.O.'i 

Sn 

— 

— 

<0.00.'i 

N 

0.(tt 

0.01.1 

Mo 

— 

_ 

<0.001 

Fe 

— 

0..S0 

0.16 

Ni 

— 

0.01 

Cr 

— 

— 

0.01 

Si 

— 

— 

o.m 

Red  No.  0 

AMS  4928 

Al 

•S./SO 

fi.T.'i 

0.0 

C 

0.10 

O.O.l.'i 

(Ti-6A1-4V) 

V 

:t.50 

4.50 

4  1 

O 

0.20 

0.26 

Sn 

- 

-- 

0,01 

N 

0.05 

0.01  :i 

Mo 

- 

- 

0.005 

Fe 

- 

0  ;ut 

0.10 

Ni 

— 

0  01 

Cr 

O.OI 

Si 

- 

o.o;i 

Yellow  No. 

1  AMS  49fiti 

Al 

4  (K) 

OJH) 

5.2 

C 

0,08 

0.042 

\' 

0.0."> 

f) 

0.20 

0.20 

Sn 

2  t)0 

:o»o 

2-2 

N 

0.05 

0,014 

Mo 

0.01 

Fe 

0.5<t 

0.20 

Ni 

- 

0.01 

('r 

_ 

- 

am 

Si 

0.05 

Orange  No. 

0  AMS  4972 

At 

7.Mr> 

H.ai 

7  8 

(' 

0,08 

0.041 

(Ti-HAI-lMo-IV) 

V 

0.75 

1 .2.‘> 

Ml 

() 

0,12 

0  16 

Sn 

- 

0.(K 

N 

O.O.'i 

O.OO.'i 

Mo 

0.75 

1  2.'-. 

0.00 

Fe 

- 

0 

0.05 

Ni 

- 

0.01 

Cr 

- 

- 

0.01 

Si 

-- 

-- 

O.O.') 

Yellow  No, 

2  AMS  49<i6 

Al 

4  (M) 

0.00 

5.2 

(' 

0.08 

0.10 

(Ti-,5AI-2..'i.Sn) 

- 

- 

o.ia 

0 

0.20 

0.50 

Sn 

2.00 

5(K» 

2.5 

\ 

O.O.'i 

0.014 

Mo 

0,05 

Fe 

0.50 

0,55 

Ni 

<  0.(X)2 

Cr 

0.02 

Si 

- 

- 

0.0.5 

Y 

- 

0.005 

•  0.001 

B 

— 

- 

c  0.(M)5 

Mn 

- 

■  0.05 

w 

- 

<  0.005 

(’ll 

- 

-  0.01 

Mg 

- 

- 

•  0.(KH 

31S 


TABLE  96 

CHEMICAL  AND  INTERSTITIAL  RESULTS  OF  COLLECTED  SCRAP  DURING 
MODEL  SYSTEM  IMPLEMENTATION  (CONTINUED) 


Chemical  Analysis  (w/o) _ Interstitial  Analysis  (u/ol 


lugger 
Box  No. 

Composition 

(Intended) 

Element 

Specification 

Element 

Specification 

Minimum 

Maximum 

Actual 

Maximum 

/•I  ctual 

Red  No.  1 

AMS  492« 

Al 

11.  H 

C 

0.10 

0.10 

(Ti-6A1-4V) 

V 

4.ryt) 

4.4 

() 

0.20 

o.;io 

Sn 

- 

- 

-  0.(H)4 

N 

0.05 

0.014 

Mo 

0.02 

Fe 

OHO 

0.13 

Ni 

-- 

•  Jl.Oft’ 

('r 

- 

■  0.005 

Si 

0.10 

0.02 

Y 

o.(Kir> 

■  0.(KH 

B 

-- 

O.OOH 

•  0.(H)5 

Mn 

— 

- 

•  0.05 

W 

— 

-  0  IM»5 

r . 

— 

it.io 

‘  0.01 

Mg 

— 

- 

*  0.00] 

Red  No.  2 

AMS  492H 

Al 

5.5S(i 

O.To 

0..1 

(' 

0.10 

0.10 

(Ti-6A1-4V) 

V 

4  50 

3.2 

() 

0.20 

0.27 

Sn 

•  0.004 

\ 

0.05 

0.(H1H7 

Mo 

- 

0.0) 

Ke 

(».;to 

0.20 

Ni 

— 

■  0  IM)2 

(> 

- 

0,01 

Si 

— 

0.10 

(102 

'i' 

O.IMt5 

•  0.001 

B 

- 

0.00.3 

'  0.005 

Mn 

-  0.05 

VV 

■  0.005 

Cu 

0.10 

-  0.01 

Mg 

— 

- 

•  0.(K)1 

Red  No. 

AMS  4928 

Al 

s.rio 

0.7’> 

0.5 

(' 

0.10 

0.10 

(Ti-6AI-4V) 

V 

4.50 

4.1 

Cl 

0.20 

0.24 

Sn 

— 

- 

o.oor> 

\ 

0.05 

0,0098 

Mo 

0.02 

Fe 

OHO 

0.21 

Ni 

— 

- 

'  (1.(K)2 

Tr 

— 

-- 

0.01 

Si 

— 

0.10 

0.02 

Y 

— 

0.005 

■  O.IMH 

B 

0.00.3 

^  0.05 

Mn 

— 

_ 

-  0,05 

W 

— 

<  0.05 

Cu 

— 

0.10 

*  0.01 

Mg 

— 

— 

<0.001 

Red  No.  4 

AMS  4928 

Al 

5.50 

fi.75 

fi..3 

(' 

0.10 

0.19 

(Ti-6AI-4V) 

V 

3.50 

4.50 

4.1 

() 

0.20 

0.27 

Sn 

— 

— 

O.OOfi 

N 

0.0.5 

0.012 

Mo 

— 

0.02 

Fe 

- 

0.30 

0.17 

Ni 

— 

— 

-  0.(XV2 

Cr 

— 

0.01 

Si 

■- 

O.IO 

O.OH 

Y 

— 

0.(K)5 

<  o.ixn 

B 

0.(KI.3 

<0.05 

Mn 

- 

■  0.05 

W 

■  0.05 

Til 

0.10 

■  0.01 

Mg 

■  O.lXll 

316 


TABLE  96 

CHEMICAL  AND  INTERSTITIAL  RESULTS  OF  COLLECTED  SCRAP  DURING 
MODEL  SYSTEM  IMPLEMENTATION  (CONTINUED) 


l.unfiir 

Hax  So 

Ti  Alloy 
Compasition 
(Intended) 

('hemival  Analysis  iw/o) 

Interstitial  Analysis 

lu/uj 

Element 

Speeiixeatmn 

Actual 

Element 

Specification 

Actual 

Minimum 

Maximum 

Maximum 

Ked  Nti.  5 

AMS  4928 

A1 

ri.Ml 

0.7.5 

0.5 

r 

0.10 

0.06 

(TiHAl-4V> 

\' 

4.50 

:i.9 

0 

0.20 

0.27 

Sn 

- 

^  0.004 

N 

0.05 

O.Ol.'l 

Mo 

0.02 

Fe 

0  :U) 

0.14 

Ni 

■  0.(K)2 

('r 

- 

‘  O.U)5 

Si 

O.IO 

0.04 

Y 

0.005 

•  o.ixn 

B 

o.oo;t 

<  0.(X)5 

Mn 

— 

- 

<0.0.5 

W 

- 

V  0.IX)5 

Cu 

0.10 

<  o.o; 

Mk 

- 

- 

'  0.(X)1 

Rpci  No.  fi 

AMS  4928 

A1 

5.r>it 

0.75 

0.2 

(' 

0.10 

0.14 

(T1-6A1-4V) 

V 

4. .50 

4.1 

11 

0.20 

0.27 

Sn 

— 

o.o:t 

N 

0.05 

0.014 

Mo 

- 

0.02 

Fe 

o.;io 

0.18 

Ni 

- 

‘  O.IHVJ 

Cr 

- 

0.(0 

Si 

0.10 

o.o:t 

Y 

0.1X)5 

•  0.(K)1 

B 

-• 

o.(X):t 

•  0.(X)5 

Mn 

- 

.... 

•  0.0.5 

W 

— 

— 

'  O.IKK 

('u 

— 

0.10 

•  0.01 

Mk 

-  o.ixn 

Kfd  No.  7 

AMS  4928 

A1 

5.50 

0.7.5 

0  2 

C 

0.10 

0.22 

(Ti-6AI-4V) 

\' 

8.50 

4..50 

4.8 

0 

0.20 

11.8.5 

Sn 

_ 

— 

<0.(X)4 

N 

0.05 

(1.1X198 

Mo 

— 

— 

0.01 

Fe 

— 

0.80 

0.21 

Ni 

— 

_ 

<  0.(Xi2 

('r 

— 

— 

O.Ol 

Si 

- 

0.10 

0.04 

Y 

— 

0.(K).5 

<  0.1X11 

B 

— 

0.008 

<■(1. 1X1.5 

Mn 

- 

- 

<  i).05 

w 

- 

<.0.(X1.5 

Cu 

— 

0.10 

•  0.01 

Mg 

— 

— 

<0.001 

Red  No  S 

AMS  4928 

A1 

5.50 

0.7.5 

6.8 

C 

0.10 

0.24 

(Ti-6A1-4V) 

V 

3.r>o 

4. .50 

4.2 

0 

0.20 

0.84 

Sn 

— 

— 

0.006 

N 

0.05 

0.0091 

Mo 

— 

_ 

0.02 

Fe 

— 

0..80 

0.2.5 

Ni 

— 

— 

<0.1X12 

Cr 

0.01 

Si 

~ 

0.10 

0.ft5 

Y 

0.00.5 

<0.001 

B 

— 

0.008 

<0.0.5 

Mn 

— 

— 

<0.0.5 

w 

— 

<0.05 

Cu 

— 

0.10 

<0.01 

Mg 

— 

- 

<0.1X11 
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TABLE  96 

CHEMICAL  AND  INTERSTITIAL  RESULTS  OF  COLLECTED  SCRAP  DURING 
MODEL  SYSTEM  IMPLEMENTATION  (CONTINUED) 


Ti  Alloy 

Lugger  Composition 

Box  No. _ (Intended) 

Orange  No.  1  AMS  4972 


_ Chemical  Analysis  (wh) _ 

Specification _ 

Element  Minimum  Maximum  Actual 

A1  7.;«)  H.ao  S.O 


Interstitial  Analysis  (wh) 
Specification 

Element  Maximum  Actual 

C  n.()8  0.061 
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TABLE  96 

CHEMICAL  AND  INTERSTITIAL  RESULTS  OF  COLLECTED  SCRAP  DURING 
MODEL  SYSTEM  IMPLEMENTATION  (CONTINUED) 


Ti  Alloy 

Lugger  Compositiort 

Box  No.  Untended) 

Chemical  Analysis  (u/o) 

Interstitial  Analysi.i 

(ulo) 

Element 

Specification 

Actual 

Element 

Specification 

Actual 

Minimum 

Maximum 

Maximum 

Yellow  No.  4  AMS  4966 

Al 

4.01) 

6.00 

5.4 

c 

0.08 

0.041 

(Ti-5Al-2.5Sn) 

V 

— 

0.09 

o 

0.20 

0.027 

Sn 

2.00 

2.5 

N 

0.05 

'  0.(K)1 

Mo 

— 

- 

0.006 

Fe 

— 

0.5() 

0.60 

Ni 

— 

0.03 

Or 

— 

— 

0.01 

Si 

— 

- 

o.n:) 

Y 

— 

o.wr. 

o.ixn 

B 

- 

0.01 

Mn 

- 

0.007 

w 

-- 

... 

o.ixiri 

Cu 

— 

0.01 

Mg 

- 

0.(X)1 

Orange  No.  .t  AMS  4972 

Al 

7.:«i 

H.5() 

7.7 

(■ 

0.08 

0.067 

(Ti-SAl-lMo-lVI 

V 

0  7'. 

1 .2r. 

2.1 

0 

0.12 

0.(X)4 

Sn 

~ 

0.20 

0.02 

N 

0.05 

0.001 

Mo 

o.'r. 

1.2.=. 

0.70 

Fe 

o.:)o 

li.47 

Ni 

_ 

0.08 

Cr 

— 

0.02 

Si 

-■ 

0.10 

0.011 

Y 

0.00.T 

0,(H)1 

B 

- 

o.ooa 

0.05 

Mn 

_ 

0.006 

W 

- 

■  0.005 

Cu 

- 

0.10 

0.02 

Mg 

- 

0.001 

C.  DISCUSSION  OF  RESULTS 
1.  Segregation  of  Ti  Turnings 

An  analysis  of  aforementioned  results  indicates  that  effective  Ti  scrap  se}rrej;at ion  has  been 
initiated  and  maintained  during  this  period  «f  implementation.  A  radical  change  in  segregation 
techniques  was  applied  by  the  scrap  generator:  the  implementing  conipanv  was  successful  in 
switching  from  almost  wholly  unsegregated  (mixed)  1'i  turnings  to  between  8!)  and  IDO'r 
segregated  Ti  turnings.  The  annual  percentage  of  segregated  Pi  alloy  turnings  for  this  company 
over  the  last  few  years  can  he  expressed  as  follows: 


Segregated  Ti 
Turning!^ 


Year 

fb 

!1 

1974 

81.211 

:i:( 

197.5 

0 

0 

1976  (9  mos)* 

0 

0 

1976  (.'(  mos)* 

27.904 

89 

1977  (9  mos)* 

20.274 

100 

‘Implrmpntfition  f»l  M< 

hIpI  SfTap 

HnnHling  Sv 
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A  direct  comparison  ot  two  (l-monlh  collection  periods  shows  the  dratnatic  improvement  in 
scrap  seftreuation  attained  with  system  implementation;  comparison  data  are  as  follows: 

1975  to  1976  1976  to  1977 

(t'rior  to  Mode!  System)  (Model  System) 


Month 

th  Senre^ated  th  Mixed 

th  Se^refiated 

th  Mixed 

Oct. 

1) 

:t().7h8 

2.904 

0 

Nov. 

0 

0 

1.7.488 

9.140 

Dec. 

t) 

28.0.7(i 

10.112 

0 

■Ian. 

0 

11. til  2 

.7.98.7 

0 

Feb. 

I) 

27.(>7() 

.7.007 

0 

Mar. 

1) 

7.040 

9.882 

0 

Further  corroboration  of  the  effectiveness  of  the  implementation  was  the  imprf)vement  in 
price  levels  received  by  the  implementinj;  company.  In  the  9  months  prior  to  implementation,  the 
company  received  an  unweighted  (wet)  average  scrap  value  of  8,7c''th.  During  the  six  month 
implementation  period,  it  received  an  unweighted  average  of  27.Hc/fh,  It  is  correct  that  the 
general  market  for  Ti  turnings  improved  during  that  time:  we  estimate  that  this  market  increase 
accounted  for  approximately  8.()c/th  of  the  improved  average  i^rice.  7'herefore.  Il.-'lc/th  of  the 
increase  was  due  to  the  improved  segregation  system.  pAen  this  increase  seems  conservative, 
based  on  increased  real  values  of  the  segregated  'I'i  turnings  in  the  market  place. 

In  summary,  the  implementing  company  set  out  to  segregate  its  Ti  turnings  int('  segregated 
grades  and  this  objective  was  accomplished. 

2.  Chemical  and  Physical  Analysis  of  Scrap 

a.  Basic  Chemistry 

Table  9(i  summarizes  the  chemist  rv/interstitial  data  of  all  segregate)!  h)gger  boxes  that  were 
collected  during  the  system  implementation.  In  general,  these  data  meet  the  nominal  chemical 
specifications  of  each  specific  titanium  alloy.  Chemical  deviations,  as  specifically  determined, 
are  discussed  individually  as  follows. 

b.  Boron 

Analyses  data  indicate  that  boron  levels  may  occasionally  exceed  specification  limits.  In 
reality,  boron  chemistry  was  determined  by  both  emission  spectroscopy  and  ultraviolet 
spectrophotometry.  The  latter  procedure  quantitatively  is  dependent  upon  standards  and  has 
generated  the  slightly  higher  boron  values  during  this  program  There  is  reason  to  believe  that 
variations  in  chemical  procedure  may  account  for  these  minor  boron  discrepancies. 

c.  Nickel-Chrome-lron 

Paradoxially.  these  levels  appear  to  be  abnormally  low.  that  is.  "too-weli"  controlled.  Fast 
experience  at  aerospace  manufacturing  companies  indicates  that  these  elements  are  difficult  to 
control  because  many  alloys  omtaining  the.se  elements  are  machined  in  the  same  areas  and  often 
at  the  same  times  as  Ti  alloys.  Such  was  the  case  at  the  implementing  company. 

While  admittedly  very  desirable,  the  cause  of  these  “too-low"  levels  is  not  apparent.  The 
implementing  company  may  simply  have  produced  an  “angel  effect."  caused  inadvertently  by 
the  experiment  it.self.  Concern  does  exist  if  the  results  are  reproducible  on  a  day-to-day  basis.  The 
system  of  sampling  may  also^a-  •  .ontributed  to  these  unexpec  ted  results  of  low  Ni/C r. 
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d.  Tin 


As  in  the  cases  of  nickel,  chrome  and  iron,  these  data  of  low  Sn  levels  also  appear  overly 
favorable.  During  the  implementation  period,  11,631  lb  of  AMS  4966  were  segregated  which  was 
approximately  24')r  of  the  total  segregated.  Long  experience  has  shown  that  some  intermixture 
between  Ti  grades  can  be  expected.  AMS  4966  has  2'2‘';  tin  in  its  chemistry,  so  that  even  a  minor 
intermixture  would  cause  the  tin  to  move  up  beyond  the  virtually  tin-free  levels  reported  in  the 
non-tin-bearing  grades. 

e.  Dense  Inclusions 

Dense,  insoluble  inclusions  are  a  very  serious  problem  that  are  intolerable  in  critical 
aerospace  applications.  A  specific  problem  is  the  tungsten  carbide  tool  bit  that  fractures  during 
titanium  machining  operations  and  falls  into  the  lathe  turnings.  Subsequent  melting  of  the 
turnings  during  scrap  consolidation  will  not  appreciably  dissolve  the  tool  bit  incusion  due  to  its 
extremely  high  melting  point  and  an  inclusion  is  the  result.  Dense  inclusions  are  tolerable  and 
insignificant  in  steel  or  aluminum  industries  where  critical  fatigue  considerations  are  not 
paramount.  No  evidence  of  tungsten  contamination  or  inclusions  were  detected  in  this  evaluation 
of  the  Model  System. 

t.  Moisture 

No  report  was  received  regarding  the  moi.sture  content  of  the  turnings.  Since  most  titanium 
is  machined  with  a  coolant,  the  adherence  of  some  cutting  lluid  to  the  chips  would 
unque.stionably  be  challenged  by  an  aerospace  melter  seeking  to  use  the  chips  for  rotating-grade 
application.  This  problem  can  he  resolved  by  a  specialized  aerospace  processor,  hut  it  has  not 
been  resolved  (nor  was  it  planned  to  be  resolved)  in  this  implementation. 

g.  Physical 

The.se  turnings  were  in  a  bushy  form.  Until  they  were  reduced  to  a  uniform  size,  they  would 
not  be  suitable  for  aerospace  recycling.  In  addition,  the  ability  to  sample  these  turnings  for  a 
random  sample  would  he  greatly  inhibited  if  not  impossible  in  the  present  form. 

h.  Yttrium 

Trace  contamination  of  yttrium  (specification  limit  ('f  O.OOIiM  is  very  difficult  to 
consistently  control  when  some  commercial  titanium  alloys  contain  O.OtY  as  an  alloving  element 
and  past  history  has  not  strongly  avoided  the  mixing  of  Y/non-Y  grades. 

Although  Y  concentrations  determined  during  this  work  were  well  within  specification,  it  is 
likely  in  future  scrap  processing  (hat  Y  concentrations  may  exceed  specification  levels.  Yttrium 
presence,  when  found,  will  need  to  be  evaluated  for  overall  material  tierb'rm.rnce  properties. 

I.  Oxygen 

Oxygen  level  (0.24  to  0..36'V  range)  consistently  exceeded  the  .AM.'S  4928  specification  limit 
of  0.2()'  ( .  This  is  a  common  occurrence  with  Ti  scrap  turnings.  Oxvgen  contamination  of  turnings 
is  caused  by  frictional  "burning”  during  lathing  operations  and/or  surface  scaling  during  iirior 
heat  treat  operations. 

Oxygen  levels  in  Ti  melted  for  aerospace  or  nonaerospace  end-use  mill  products  are  well 
defined  and  strictly  controlled.  Contamination  levels  in  this  work  can  readih  he  reduced  to 
acceptable  specification  range  by  blending  of  processed  turnings  wih  virgin  sponge  Ti  during 
consumable  electrode  fabrication. 
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y.  Carbon 


Carbon  level  (0.1  to  0.24''r)  often  exceeded  the  AMS  4928  specification  limit  of  O.l'V.  This 
is  probably  related  to  extraneous  dirt  and  debris  retained  in  the  scrap  turninRs  which  would  be 
removed  during  subsequent  fluidized  bed  or  ferrofluid  processing  operations.  The  aforementioned 
blending  with  virgin  sponge  Ti  would  also  alleviate  this  excessive  carbon  content. 

3.  Analysis  of  Model  System  Implementation 

a.  Response  of  the  Implementing  Company 

The  response  to  the  most  critical  parts  of  the  Model  System  by  the  implementing  company 
were,  on  the  whole,  quite  good. 

A  model  system  for  good  aerospace  recycling  requires  first  and  foremost  the  complete 
backing  of  top  management.  In  this  instance,  the  Manager  of  Sales,  the  Chief  Engineer  and  the 
Vice-President  and  General  Manager  all  supported  the  installation  of  a  Model  System  for 
titanium  turnings  recycling. 

Secondly,  a  determined,  interested  Scrap  Manager  is  necessary.  This  area  was  also 
supported,  but  unfortunately,  company  priorities  and  work-force  limitations  would  not  permit 
appointment  of  a  full-time  Scrap  Manager.  Responsibilities  of  this  function  had  to  be  distributed 
among  several  people  which  thereby  tends  to  dilute  the  overall  importance  of  scrap  management 
in  maintaining  the  full-time  or  part-time  overall  control  in  the  plant  of  all  aerospace  (and  other) 
scrap. 

The  final  requirement  was  that  a  qualified  scrap  firm  be  closely  integrated  into  the  program. 
Fortunately,  a  local  and  quite  skilled  firm  was  already  handling  the  plant’s  scrap  and  was 
available  to  assist  in  the  Model  System. 

b.  Suggested  vs  Accepted  Guidelines  for  Model  System 

The  Model  System,  as  originally  outlined  for  this  Air  Force  study,  was  tailored  to  fit  the 
needs  of  the  implementing  plant  and  eight  recommendations  were  made.  The  following  were  the 
recommendations  and  the  implementation; 

1.  Appoint  a  "Scrap  Salvage  Manager,”  As  discussed  previously,  company 
priorities  and  work-force  limitations  would  not  permit  appointment  of  a 
full-time  Scrap  Manager.  Functional  responsibilities  were  distributed 
among  several  people. 

2.  Set  up  a  formal  "Scrap  Salvage  Department.”  This  was  not  fully 
accomplished;  rather,  the  implementation  centered  on  the  segregation  of  Ti 
turnings. 

3.  Buy  and/or  install  the  necessary  equipment,  ('entral  to  this  recommenda¬ 
tion  was  the  concept  that  a  scrap  salvage  area  must  be  established  and  a 
covered,  but  perhaps  open,  shed  in  the  plant's  yard  was  the  least  costly 
method.  Further,  it  was  recommended  that  the  Ti  scrap  be  accumulated  in 
steel  drums  or  other  small  volume  containers,  so  that  if  some  mixture  did 
take  place,  the  few  drums  of  contaminated  material  coidd  be  "quaran¬ 
tined.”  instead  of  contaminating  a  much  larger  lot. 
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Neither  of  these  recommendations  were  fully  implemented.  Instead,  the  I'i 
turnings  were  placed  at  the  machines  into  one  cubic  yard  sell-dumping 
hofipers  which  were  color  coded  for  the  four  basic  Ti  alloys.  The  hojjjjers 
were  transported  by  forklift  truck  to  larger  roll-off  steel  contiiiners  which 
were  placed  in  the  plant's  yard;  each  roll-off  container  was  color  coded  in 
the  same  way.  After  a  10  cubic  yard  container  was  filled,  it  was  removed  iiy 
the  scrap  dealer  and  transported  to  the  dealer's  yard  where  it  was  checked 
for  quality  and  sampled. 

4.  Closer  control  at  the  source  of  generation.  This  recomnundat  ion  was  clearly 
accepted  and  implemented.  The  implementing  company,  though  its 
inplant  manager,  made  clear  to  each  foreman  and  in  turn  to  the  machine 
operators  the  need  for  segregating  Ti  turnings.  Of  all  the  recommendations, 
this  one  is  the  absolute  minimum  for  a  succe.ssful  aerosjiace  scrap  ))rograin. 

f).  Start  a  system  for  segregating  titanium  turnings.  Svstems  lor  ac¬ 
complishing  this  have  been  mentioned  above, 

6.  Spot  check  scrap  before  it  is  shipped.  The  first  quality  check  actually  took 
place  at  the  dealer’s  yard. 

7.  Install  systems  to  reinforce  correct  segregation  and  to  correct  misgradings. 
To  some  extent  these  systems  were  implemented.  Th(>  denier  was  instructed 
to  report  hack  misgradings  and  contaminatiim  promptly  and  the  man¬ 
agement  was  organized  to  search  out  sources  of  contamination.  Monthly 
reports  were  issued  which  would  highlight  contamination. 

8.  Simplify  method  of  sale,  by  initiating  allowances  for  magnetics  and 
moisture.  The  implementing  plant  correctly  predicted  that  the  segregation 
system  wottld  shnri>ly  cut  down  or  eliminate  magnetics;  the  first  part  of  this 
recommendation  was  ftnmd  not  to  be  necessary.  I'he  (juestion  ol'  allowance 
for  moistures  was  deferred  until  the  progntm's  conclusion. 
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SECTION  XII 


SCRAP  RECLAMATION  TECHNOLOGY 


A.  TITANIUM  RECLAMATION  PROCESS 

1.  Background  Information 

The  titanium  reclamation  process  is  aimed  at  the  economical  recycling  of  titanium  alloy 
turnings  hack  into  the  aerospace  material  cycle.  The  reclamation  process  begins  with  material 
which  has  been  collected  under  the  Model  Scrap  Handling  System  guidelines. 

In  Phase  I,  two  separation  svstems  (AVCO  and  Frankel)  were  evaluated.  The  Frankel 
system  was  chosen  tor  further  Phase  II  titanium  reclamation  process  analysis.  In  Phase  II, 
titanium  ingots  were  converted  to  9-in.  diameter  forging  billets.  For  ease  of  handling,  each  ingot 
was  cut  into  thirds  to  produce  three  lO-foot  lengths  of  barstock  from  each  of  the  heats  F.'S-ol  and 
F,"),o2, 

2.  Disk  Evaluation 

Each  of  the  four  disks  was  evaluated  metallographically  at  six  locations.  This  was 
accomplished  by  polishing  a  spot  about  1  in.  in  diameter  at  the  desired  location  followed  by 
etching  and  replication  of  the  surface  with  acetate  tajte.  The  resulting  micrographs  and  their 
locations  are  shown  in  Figures  140  through  14,0.  In  all  cases,  the  etchant  used  was  Kroll’s  reagent. 

A  full  cutup  of  one  disk  from  each  master  heat  was  performed  for  the  purpose  of  mechanical 
property  determination.  Figures  151  and  1.52  depict  the  cut-up  layout  of  the  disks  that  were 
te.sted.  The  types  of  tests  being  performed,  the  amount  of  samples  chosen  for  each  test,  and  the 
location  on  the  disk  of  the  samples  is  delineated  in  Table  97.  Preliminary  mechanical  property 
tests  were  conducted  by  Teledyne-ALLVAC  on  specimens  machined  from  disk  bore  integral  test 
rings. 

3.  Mechanical  Property  Test  Results 

These  properties  exceed  the  AMS  4928  specification  requirements  and  appear  typical  for 
forgings  of  this  section  size.  The  data  are  presented  in  Table  98.  Tbe  uniformity  of  projterties 
suggests  no  deleterious  effects  due  to  material  reclamation  on  this  admittedly  small  sample  size. 

Of  the  Phase  III  mechanical  property  tests,  the  majority  of  the  results  indicate  no  debit  in 
the  [iroperties  of  the  reclaimed  Ti-6A1-4V  fan  disk  forgings  when  compared  to  those  of  A^1S  4928. 
rh''  results  of  the  tests  are  discussed  individually.  The  test  conditions,  chosen  early  in  the 
pro(;ram.  retlecl  the  Ti-6A1-4V  specifications  and  available  baseline  data. 

Two  stress  ratios  were  tested  in  the  crack  propagation  tests.  The  test  conditions  chosen  were 
r  ioin  temperatvire  and  a  frequency  of  20  Hz.  The  crack  growth  rates  for  the  reclaimed  titanium 
were  simil  r  to  those  of  the  PWA  1215  (AM.S  4928)  material  for  both  stre.ss  ratios  over  the  entire 
ranges  of  data.  'Fhe  crack  propagation  data  for  the  reclaimed  material  were  generated  using 
compact  specimens  with  O.fi-in.  nominal  thickness.  The  data  for  the  PV.’A  1215  specimens  were 
obtained  from  0.,'l  in.  compact  specimens.  Figures  1.5.'?  and  154  depict  the  results  of  the  tests. 

The  notched  stress-rupture  baseline  data  consists  only  of  the  AM.S  4928  s|)ecifications, 
which  call  for  a  5-hr  min  at  room  temperature  and  a  stre.ss  level  of  170  ksi.  All  the  specimens 
exceede  d  this  sieecification.  Their  results  are  tabulated  in  Table  99. 
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TABLE  97 

MECHANICAL  PROPERTY  TESTS 


Specimen 

Test 

Quantity 

Disk  HHA2(H)I  Disk  hCHMIl 

Loeatum 

i-fi 

Full  Bolthole 

6 

6 

Rim 

7-a 

One-Half  Bolthole 

2 

2 

Rim 

9 

Crack  Propagation 

1 

1 

Bore 

10-11 

Notched  Stress  Rupture 

2 

2 

Kim 

12-14 

Tensile 

;i 

;j 

2  Bore/1  Rim 

15-16 

Fracture  Toughness 

2 

1 

Bore 

17-22 

Sonntag  (K,  "  1) 

f> 

0 

;i  Bort'Al  Kim 

2:1-28 

Sonntag  (K,  - 

(i 

(1 

:i  BoreAl  Him 

TABLE  98 

INTEGRAL  TEST  RING  PROPERTIES 


INTECRAI.  TEST  KINC  I'KOEERTIES 
TF3:i  2Nn-STAGE  FAN  DISK 
TEI.EDYNE  A^.IA■A{• 

HEAT  NOS.  F5r>i  AND  Kr.ri2 
SI’ECIFtCATtON:  AMS  4928 

Temperature  Tensile  l^roperties: 

Heat  Yield  tpsil  lUtimate  EL  RA. 


P&WA  Identity  .Vo _ Strength  Strength  (psi)  C; } 


CKCB.  2(K)1 

F5r>i 

i;t9.r>(K» 

lol.lMM) 

16  52 

('HCB.  2(K12 

Fr.r>i 

16  48 

CHBH.  2001 

Fr)r.2 

i;t9,HMI 

iri2.o(x> 

i(>  r>8 

CBHA.  2002 

Fr>rv2 

141.6(81 

15  51 

S|H'cit'icHliotv. 

rjo.tHH) 

10  25 

Hoorn  Temperature 

S  itched  Stress  Rupture: 

Heat 

Identity 

So. 

Load  tpsii 

Hours  at 

leoad 

da/dN,  in./Cycie 


AK.  MPav'm 


10-2 


10-3 


10-"^ 


10-3 


10-6 


10-7 


10 


100 


1000 


AK.  ksi  v/irT 

Figurv  164.  Reclaimed  Ti-6Al-4V  Crack  Ik-opa^ation  Resultn  at  Room  Tem¬ 
perature,  20  Hz,  R  0. 1 
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TABLE  99 

RECLAIMED  Ti-6A1-4V  DISK  NOTCHED  STRESS 
RUPTURE  SPECIMENS  AT  ROOM 
TEMPERATURE  AND  170.0  ksi  STRESS 


Specimen^ 

Time  at  Stress  (hr) 

AlO 

2270.R 

All 

269a.4 

BlO 

2;i9.'l.fi 

Bll 

2409.7 

'“A”  indicates  Disk  BBA2001.  Heat  F551. 

"B"  indicates  Disk  BCB2001,  Heat  F552. 

The  tensile  tests,  catalogued  in  Table  100,  show  no  debit  in  properties  of  the  reclaimed 
Ti-6A1-4V  when  compared  to  those  of  AMS  4928.  The  ductility,  in  fact,  exceeded  the  AMS  4928 
values.  The  te.sts  were  conducted  at  room  temperature. 

The  fracture  toughness  tests  had  no  baseline  data  for  guidelines.  One  specification  quoted 
a  minimum  of  15  ksi  \/inTfor  Ti-6A1-4V.  All  of  the  samples  exceeded  this  value.  The  results  are 
listed  in  Table  101. 

The  Sonntag  tests  (LCF)  showed  a  slight  debit  in  reclaimed  material  properties  when 
compared  to  some  experimental  work  done  on  AMS  4928  by  Pratt  &  Whitney  Aircraft.  The  test 
conditions  were  room  temperature  and  a  stress  of  170.0  ksi.  Two  stress  concentrations  were 
studied;  K,  =  1.0  and  K  i  =  2.16.  No  data  was  available  for  comparison  in  the  Kt  2.16  tests,  but 
the  values  appeared  slightly  low.  The  results  are  depicted  in  Figure  155  and  described  in  Table 
102. 


Four  specimens,  two  from  each  heal,  were  subjected  to  half  bolthole  fatigue  testing.  The 
results,  tabulated  in  Table  10.2,  show  that  all  but  one  of  the  specimens  greatly  surpassed  the 
available  baseline  data  listed  in  Table  104  for  a  specimen  that  was  surface  finished,  reamed,  and 
Sutton-Barreled.  These  results  suggest  that  the  reclaimed  titanium  meets  the  specifications 
overall. 

Finally,  the  full  bolthole  test  results  compared  very  lavorably  with  the  limited  test  data 
available.  None  of  the  specimens  failed  and  only  2  of  the  12  specimens  showed  any  cracking  at 
20.000  cycles.  The  test  conditions  and  results  are  shown  in  Table  105. 

4.  Titanium  Reciamation  Conciusions 

Both  the  metallographic  evaluation  and  the  mechanical  property  determination  itroved  the 
reclamation  of  titanium  alloy  turnings  to  he  feasible,  AMS  4928  mechanical  property 
specifications  were  met  or  exceeded  in  all  cases.  It  should  be  noted  that  the  LFF  results  were 
lower  hut  are  not  covered  by  the  AMS  4928  specification. 
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TABLE  100 

RECLAIMED  Ti-6A1-4V  DISK  TENSILE  SPECIMENS  AT 
ROOM  TEMPERATURE 


Sficcimen 

Disk 

Yield 

Strength 

(ksi) 

Ultimate 

Strength 

(ksi) 

Elongation 

Ci) 

Reduction 
in  Area 

I'i) 

V2A 

aBA2(Hll 

i:w.8 

144.8 

ir...4 

44,4 

i:!A 

BBA2(X)1 

142.0 

ir,.r. 

44.4 

14A 

RBA2(K11 

187. 1 

140.2 

1 

12.0 

r>B 

BrB2<KI| 

1.10.7 

140,0 

1. 

11.0 

l.iB 

BrB20(>l 

l.!8.0 

140.1 

Kvo 

4’!. 7 

14B 

BrB2(Kn 

i:!2.8 

142..1 

Ib.O 

42.0 

Mean: 

Disk  A 

i;i.'-..7 

1 44.0 

lo.ri 

4:t.(; 

Disk  B 

liCl.fi 

144  8 

l(v(t 

4:1.1 

AMS  49:>8 

i:u.o 

I4(i.r> 

12.0 

• 

,97..5'f  Lower  Hound 

Disk  A 

120.2 

i:t8.i 

i:i.8 

Disk  B 

124.1 

I4.:i 

:u.S 

AMS  4928 

I2:V0 

i:i.'...8 

9.0 

* 

’Values  for  Reduction  in  Area  Were  \ot  Available. 

TABLE  101 

RECLAIMED  Ti-6A1-4V  DISK  FRACTURE 
TOUGHNESS  SPECIMEN  TEST  AT 
ROOM  TEMPERATURE 


Kn 

Specimen' 

fksi  \  inj 

AI.t 

AlO 

70,5 

Bl.'i 

!M,1 

'“A"  indicates  Disk  BBA2(K)1.  Heat  F55l. 

“B  "  indicates  Disk  BC'B2001,  Heat  F552. 

Axial  Fatigue  Results  of  Ti  6-4  (AMS  4928) 
Scrap  Reclamation 

S/S  =  57  ksi,  A/S  =  54  ksi.  Temperature  =  400'F 


Reclaimed  Ti-6Al-4V  Disk  Sonntaf;  Test  Specimens 


TABLE  102 

RECLAIMED  Ti-6A1-4V  DISK  SONNTAG  SPECIMEN  TEST  AT 
400°F.  57  ksi.  ALTERNATING  STRESS  OF  54  ksi 


Specimen' 

K 

Isf  Crack 
Indication 
(Cyclest 

Failure 

( Cycles} 

Remarks 

AI7 

1  () 

- 

KaiU’d  on  set -up 

AlH 

1.(1 

1(1  ■ 

!(>• 

1.07  10* 

Main  cracks  200  dp^  tailed  in  ga^e  area 

Al.y 

I.() 

8.0  - 

10* 

0.80 

Manv  cracks  2#iO  dea 

A2II 

1.(1 

- 

'I  ensiled 

A2I 

1  () 

,">.0  ' 

KC 

0.8  1(8 

200  de^  crack  indicatiims 

A22 

1.0 

1.06  ■  1(6 

Failed  in  gage  during  run 

A2:l 

2.  Hi 

2.i)  ' 

10* 

29  '  H8 

2(i0  deg  crack  indications 

A24 

2  .  Hi 

2.0  ■ 

lO* 

2. To  1(8 

180  deg  crack  indications 

A:>ri 

2  If) 

2.0  ' 

lO* 

2.48  1(8 

180  deg  crack  indicat irais 

A2fi 

2. If) 

2.0  « 

Id* 

2  29  •  1(8 

180  deg  crack  indicat i(»ns 

A2r 

2.  If) 

2.0  ' 

10* 

2r>  1(8 

2(iO  deg  crack  indications 

A28 

2.16 

2.0  ■ 

10> 

2.2  >  H8 

2(iO  deg  crack  indications 

‘"A  ”  inHicatPs  Disk  HBA 

2<kM. 

Heat  F 

1 . 

TABLE  103 

RECLAIMED  Ti-6A1-4V  DISK  HALF  BOLTHOLE 
SPECIMEN  TEST  AT  ROOM  TEMPERATURE, 
0.9%  AT  ROOM  TEMPERATURE,  0.9%  6  STRAIN, 
WITH  STANDARD  INSPECTION 


Cycles  to  Crack 

^Spec^men' 

Pinpoint  ('rack 

I/M  in  Crack 

l/.TJ  in.  Croi  k 

AT 

None  at  100.000 

I02.(KK) 

102.000 

A6 

5.000 

H.OtX) 

9.000 

BT 

None  at  |5(MMM) 

— 

- 

H6 

22.000 

26.m> 

.22.000 

‘  “A  ”  Indicates  Disk  BBA200I. 
"B"  Indicates  Disk  BCBZOOI. 

Heat  F55I 

Heal  F552 
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TABLE  104 

AMS  4928  BASELINE  DATA  FOR  HALF  BOLTHOLE  TESTS  AT 
ROOM  TEMPERATURE  AND  0.9%  6  STRAIN 


Cycles  to  Pinpoint  Crack 


Condition  of  the  Hole 

Minimum 

A veragf 

Maximum 

As  Machined 

12.000 

X.'i.lKX) 

Surface  Finished 

8,000 

27..S(H) 

47. (XK) 

Surface  Finished  and  Reemed 

8.000 

12.()(Xt 

24.000 

Surface  Finished.  Reemed  and  Sutton  Barreled 

8.0(X) 

10.000 

Il.CKXI 

TABLE  105 

RECLAIMED  Ti-6A1-4V  DISK  FULL  BOLTHOLE 
SPECIMEN  TEST  WITH  A  MAXIMUM  STRESS  OF 
56  ksi.  A  MINIMUM  STRESS  OF  2.8  ksi,  Kp  =  2.5, 

R  =  0.05,  AND  A  DWELL  TIME  OF  18  MINUTES  AT 
MAXIMUM  LOAD  AND  2  MINUTES  AT 
MINIMUM  LOAD 


Cyvli  s  to 


Sped  men' 

'I'emperature 

Irispeetnm 
/'nor  t<f  OticA- 

( 'rack- 

H<H)m  Temperature 

20.0tK) 

■\2 

HiKim  Tem|>ernlure 

20.000 

HI 

Ko«»ni  Temperature 

20,0(X) 

H2 

Room  Temperature 

20.(KH) 

.A.l 

000 

2ii.ooo  (0.010  in.) 

At 

;i(Ki 

2(M>0t( 

H:t 

m) 

20,000  (  0,02;i  in  ) 

Ht 

2<t.(»Ot» 

AA 

20,1X111  (0.02.7  in.) 

A(i 

m) 

20.tMHi 

H.A 

20.(K)0 

Hi; 

tiOO 

2<t.0tH) 

'  "A"  Indicftles  Disk  BHA2(KI1.  Hem 

F.A.M 

"H  Indicates  Disk  BrH2(K)l.  Heat  F5.S2 

H’rack  Size  Indicated  in  I'arentheses  None  of  the  Specimens  Faded. 
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B.  SUPERALLOY  GRINDINGS  SLUDGE  RECLAMATION  PROCESS 


1.  Background  Information 

Processing  of  developmental  quantities  (Phase  1)  and  intermediate  scale-up  quantities 
(Phase  II)  of  grinding  sludge  scrap  has  given  evidence  of  potential  cost-effectiveness  of  this 
recovery.  Phase  III  efforts  evaluated  the  process  repeatability  while  scaling  up  to  a  production- 
quantity  melt  run.  Specifically,  it  was  planned  to  process  :(  tons  of  superalloy  sludge  through 
conventional  drying  and  electric  arc  air  melting  operations.  T'he  latter  operation  was  performed 
in  a  production  furnace  with  ''air-lance"  capabilities.  This  furnace  is  equipped  with  a  water¬ 
scrubbing  device  in  the  exhaust  stack  to  remove  objectionable  soot  and  attain  acceptable  EPA 
standards  for  smoke  control. 

2.  Process  Direction 

a.  Cleaning 

All  past  melting  experience  with  superalloy  grindings  has  substantiated  the  fact  that 
voluminous  quantities  of  smoke  and  steam  are  evolved  during  melting.  The  smoke  is  mainly  due 
to  retained  oil  and  moisture  in  the  furnace  charge  (between  6  and  9S  by  weight).  This  is 
.somewhat  difficult  to  remove  mechanically  due  to  the  fine  particle  size  of  the  grinding  swarf 
leading  to  a  large  surface  area  per  unit  mass  and  enhanced  capillary  action. 

The  motivation  to  remove  this  fluid  arises  from  the  necessity  of  meeting  EPA  industrial 
emission  standards.  To  do  so  will  require  melting  facilities  w'ith  associated  exhaust  scrubbers. 
This  will  add  to  the  capital  equipnient  cost,  and  therefore,  result  in  higher  melting  costs  for  the 
sludge  material.  Also,  the  last  superalloy  grindings  which  were  melted  produced  a  product 
containing  about  2' i  carbon  Ity  weight.  Such  a  concentration  limits  (he  utility  of  the  ingot 
product,  and  its  removal  lengthens  melt  cycle  time  which  also  adds  to  the  melting  cost. 

b.  Melting 

The  objective  of  the  melting  operations  was  twofold:  first,  to  document  the  scale-u])  of 
electric  furnace  melting  of  superalloy  grinding  swarf,  and  second,  to  assess  the  effect  of  melt 
oxidation  on  the  undesirable  elements  Mn.  Si.  S,  O.  and  C. 

Scale-up  data  includes  a  cycle  time  of  api)roximately  4  hr.  No  nonstandard  procedures  were 
used  to  process  the  uniqvie  sludge  composition.  Factors  such  as  refractory  life  and  the  like  were 
naturally  unobtainable  from  one  cycle. 

The  melt  cycle  parameters  were  based  on  past  reclamation  trials  together  with  prior 
eciuipment  experience  with  lanced  melts.  High  melt  temperatures  were  desirable  from  the 
standpoint  of  low  equilibrium  carbon  concentrations  due  to  the  increase  in  entropy  as.sociated 
with  the  reaction: 

'2r  •  O,  >  '2{'0 

This  entropy  increase  results  in  the  reaction  having  an  increasingly  negative  free  energy  of 
formation  with  increasing  temperature  which  results  in  the  low  equilibrium  carbon  concentration 
in  the  melt. 
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It  can  be  expected  that  hifjh  melt  temperatures  have  a  negative  ellect  un  lining  lil'e  and 
|)ower  consumption.  Also,  the  removal  ol'Si.  Mn  and  S  by  oxidation  involves  a  decrease  in  the  free 
energy  change  for  the  following  reactions  vvifh  an  increa.se  in  temperature: 

Si  ^  0,  SiO, 

2Mn  -  O,  2MnO 

S  -  O,  =>  SO2 


This  results  in  higher  equilibrium  concentrations  of  (he.se  elements  in  the  melt  with  increases  in 
melt  temperature  for  oxygen  lancing  operations. 

3.  Processing 

Three  tons  of  Ni  superalloy  grinding  sludge  were  purchased  from  VAC  Air  Alloys 
Corporation  and  sent  to  Air  Products  and  Chemicals.  Inc.  for  refinement.  The  grinding  sludge 
was  processed  by  Air  Products  and  Chemicals.  Inc.  in  an  electric  arc  air  melting  furnace  with  the 
use  of  an  air  lance.  The  furnace  was  charged  with  approximately  (5000  tb  of  dried  nickel  sludge. 
As  the  material  heated,  additions  were  made  to  the  charge.  These  additions  included  fluorspar, 
to  enhance  fluidity  for  slag/metal  separation,  and  lime,  to  protect  the  furnace  liner  and  help 
desulphurize  the  sludge.  The  4-hr  melt  cycle  consisted  of  desulphurizing  the  charge  and  removing 
the  unwanted  abrasives  and  excess  material  until  the  remaining  metal  met  the  required  melt 
cycle  parameters. 

During  the  melting,  periodic  samples  were  taken  from  the  charge  to  determine  the 
chemistry  of  the  melt.  The  fluidity  additives  aided  in  theseparation  of  the  less-dense  slag  and  the 
heavier  metal.  Slag  was  poured  off  intermittently  (see  Figure  149).  Finally,  four  consumable  air 
lances  were  used  to  remove  the  remaining  excess  trace  elements. 

After  the  final  slag/metal  separation,  the  metal  was  poured  into  a  transfer  ladle,  taken  to  the 
molds  and  poured  into  pig  ingot  form.  A  final  composition  sampling  was  then  taken.  The  pig 
ingots  were  later  shot-blasted  and  shipped  to  P&WA.  The  final  weight  of  the  sludge  was 
5242  Ib.  Table  106  lists  the  final  composition  of  the  sludge,  with  the  as-received  composition 
listed  for  comparison, 

4.  Economic  Analysis 

The  economic  analysis  performed  on  the  reclamation  of  the  sludge  is  presented  in  I'able  107. 
It  shows  a  net  gain  of  $846.10  to  process  the  6000  lb  of  sludge.  This  would  seem  to  indicate  that 
it  is  not  very  profitable  to  reclaim  sludge  and  grindings;  however,  several  factors  combine  to 
negate  this  observation.  They  are  as  follows: 

1.  In  researching  this  process,  the  sludge  was  both  bought  and  processed.  In 
actual  practice,  a  cost-conscious  company  would  want  to  reclaim  the  scrap 
that  it  had  itself  generated.  Thus,  the  initial  outlay  for  sludge  that  was 
presented  in  Table  107,  $75(X),  would  be  zero  for  this  company.  It  could  then 
have  the  scrap  refined  for  approximately  .$0.40/fb  and  .sell  it  for  about 
$2.05*/lb.  This  would  result  in  a  profit  near  $1.45/Ib  of  original  material 
after  taking  into  account  the  material  lost  in  remelting. 

2.  This  analysis  was  done  on  a  one  time.  6(XX)  lb  basis.  As  quantities  increase, 
and  if  a  regular  melting  schedule  were  contracted,  the  refining  costs  would 
probably  decrease,  Thu.s,  this  reclamation  would  provide  an  even  greater 
return  on  investment 
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TABLE  106 

CHEMICAL  ANALYSES  OF 
SUPERALLOY  SLUDGE 


Analysis  (u/o) 

As-Kecened 

Conditnm 

h'Jcctric  Arc 
Mviti  d  In^ift 

Oil  Fdus  Moislure 

■  0  1 

Ni 

nl  ,nh 

00.20 

C'o 

(»,r»s 

Tr 

14,:! 

Iti  20 

('ij 

(1.U4 

0  02  4 

Fe 

I7,2S 

10  17 

Mn 

0.17 

1 )  1  t.'d ' 

Mo 

O.rdi 

:i 

Ti 

0.77 

■  (lO.I 

\' 

0.04 

•  (  .»  02 

W 

■  o.2r> 

•  ( M  I't 

At 

0.71 

O.IK^O 

Ct) 

4.00 

0.1KI4 

Si 

2 .02 

0.0S7 

C 

O.ir, 

O.O20 

s 

•  O.OHH 

0  1H).7 

[> 

-  o.o;i 

O.IHKl 

I'b 

0.01 

-  f  1,002 

Sn 

■  o.on 

(voi 

Ta 

•  0  2 

-  0.01 

N 

I’lo  ppm 

O 

•SJ  ppm 

TABLE  107 

ECONOMIC  ANALYSIS  FOR  RECLAMATION  OF 
NICKEL-BASE  SLUDGE 


Sludge'  fiOOO  fb  at  .?;.2.Vtb 

•>:  7.500,00 

I’rtK'essinK' 

6000  tt)  at  $  O.OIVtb  Refine  Sludge 

l.OHO.IMl 

6(K)0  ft)  at  $  0.04/ft)  Sulphur  Surcharge 

240,00 

00/ft  Certificate  <»f  ('hemical  Analvsis 

;i5,0ti 

0(KK)  ft)  at  $  0.01/tb  Shot  Wasting 

60, (Xt 

II  Ptillel.t  at  .S  T.T.Vpallel 

S5  « M 1 

'roial  Cost 

:y  H,0OO,(X) 

Uemell  Stock  Sale  5242  ft)  at  $2. 05/ft) 

$10,746,10 

Nci 

S46,10 

'Includes  Shipping  and  Handling 

li.  If  the  reclaimed  alloy  were  vised  as  revert  material  and  brought  back  to 
initial  alloy  chemical  specification,  an  even  greater  savings  could  be 
realized.  The  reclaimed  material  is  effectively  free,  except  for  the  small  cost 
of  refinement  as  compared  to  the  high  (vrice  of  1(X)'.  virgin  raw  material. 

*  SrlliiiK  priiT  liaspft  <»n  Ni  rontont  which  would  he  sy  variahlo  as  star^^l^'  allttv  cttinjit'suion  vanes 

5.  Conclusions 

It  has  been  shown,  even  on  a  one-time  basis,  that  reclamation  of  Ni-base  superalloy  grinding 
sludge  is  quite  profitable,  as  compared  to  discarding  or  giving  it  away.  If  the  material  were 
recycled  back  to  the  original  or  a  similar  alloy  composition,  an  even  greater  savings  would  occur 
as  compared  to  purchasing  lOtV.  virgin  alloy. 
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SECTION  XIII 


SUMMARY  AND  CONCLUSIONS 

During  Phase  I  of  this  three-phase  AFML  contract,  scrap  reclamation,  scrap  reclamation 
technologies  and  management  systems  were  investigated  and  analyzed  in  search  of  their 
optimums.  Technologies  reviewed  were  .sometimes  alternatives;  from  these  alternatives  evolved 
a  single  technology  for  further  study  in  Phase  II.  Phase  I  scrap  management  effort  included  an 
industry  seminar,  a  survey,  a  review  of  industry  controls,  and  the  definition  of  a  Model  Scrap 
Handling  System. 

The  scrap  reclamation  technologies  that  were  investigated  were  two  density  separation 
methods,  two  nonconsumable  melt  processes,  and  a  molten  salt  bath  process.  The  two  density 
separation  methods  were  the  AVCO  ferrofluid  method,  applied  to  both  titanium  and  nickel;  and 
the  Frankel  fluidized  bed  method,  applied  to  titanium  only.  After  review  and  analyses  of  all  the 
titanium  separation  data,  the  following  conclusions  can  be  drawn: 

1.  Both  separation  processes  (ferrofluid  and  fluidized  bed)  appear  equally 
effective  in  removal  of  most  contamination,  but  neither  can  presently 
remove  all  contamination. 

2.  Any  high  interstitial  or  residual  elements  can  be  diluted  to  specification 
level  by  less  than  .50^'  virgin  addition. 

■1.  Both  separation  processes,  as  evaluated,  result  in  a  chip  product  containing 
minor,  but  unacceptable,  levels  of  high  density  particles. 

4.  The  unacceptable,  retained  high  density  particles  should  be  completely 
removed  by  a  subsequent  nonconsumable  melting  process. 

To  evaluate  the  nickel  separation  proce.ss,  AVCO  separated  Waspaloy  (  hips.  After  review  and 
analyses  of  the  data,  the  following  valuations  can  be  made: 

1  The  AVCO  ferrofluid  separation  process  appears  very  effective  in  removing 
objectionable  high  density  materials,  such  as  lead,  from  superalloys. 

2.  The  AVCO  ferrofluid  separation  process  appears  capable  of  removing  most, 
but  not  all.  of  the  titanium  contaminant  in  Waspaloy. 

•1.  Process  acceptability  therefore  aitpears  dependent  upon  practical  virgin 
dilution  requirements  to  attain  melt  specification  chemistrv.  Acceptability 
would  appear  likely,  since  about  a  three-to-one  dilution  in  melting  of  a 
given  raw  material  would  be  the  maximum  acceptable  limit  for  production 
melting. 

The  two  nonconsumable  melt  processes  that  were  evaluated  in  Pha.se  I  were  the  AIRCO- 
Temescal  Klectron-Heam  Cold  Hearth  Melting  Method  and  the  Teledyne  N'onconsumable 
Rotating  Klectrode  Melting  System.  !  he  conclusion^'  ot  the  AlRCO-’I'emescal  Process  are; 

1.  Seeded  VV('  tool  bit  contaminatioti  was  (unqileiely  seiiarated  to  give  an 
uncontaminated  ingot. 


(  hemi(  al  specification  levels  were  attained  with  the  exce[)tion  of  both  ingot 
ends. 
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.'i.  N()nh<im<>t;ent><>us  iofinl  end  chfmislrv  (i  c..  All  nnist  be  resolved;  feed 
system  alteration  is  a  likely  eorreitive  action. 

■1.  Desirable  in^tivt  homogeneous  macrostro.ctnre  le()niaxi‘d  and  relatively  fine 
grnin)  and  bar  mii  rostnictiires  were  attained. 

o.  All  mechanical  projH'rties  data  >;enerated  Itensile.  stress  rupture,  imitact) 
exceeded  applicitble  siH'cification  minimnms. 

The  Teledyne  System  was  evaluated  in  Air  Force  Contract  F:iH(il.o-72-('- 1 12b.  TestintJ  of  the 
products  made  from  the  nottconsumable  melted  material  demonstriited  the  followint;: 

1.  Nonconsumable  skull  meltiiif;.  followed  by  either  one  or  two  consumable 
remelts,  effectively  eliminates  nitride  tyjie  inclusions. 

2.  .All  hifth  density  iitclusions.  such  as  tuntrsten  carbide  tool  bit  particles,  are 
apparently  removed  provided  they  enter  the  molten  pool. 

1.  High  ratios  of  revert,  either  machining  chips  or  solid  sera]),  may  be  used 
provided  foreign  alloy  contamination  and  interstitial  elements  are  at 
acceittable  levels. 

4.  Single  consumable  renielting  of  nonconsumable  process  electrodes  results 
in  better  chemical  homogeneity  than  double  consumable  renielting. 

o.  Microstructural  inhomogeneity  ti.e.  areas  of  beta  stabilization!  increases 
with  residual  element  content  and  is  more  prevalent  in  double  remelted 
than  in  single  remelted  heats. 

b.  I’he  manufacturing  costs  for  nonconsumable  melting  exceed  those  for  the 
Conventional  process  (electrode  fabrication  plus  consumable  melt),  but 
overall  cost  savings  result  from  (he  ability  to  use  lower  cost  scrap  forms  and 
through  elimination  of  mill  product  losi.es  for  inclusion  defects. 

An  evaluation  of  engine  hardware  i>roduced  from  b<ith  single  ;md  double  remelted  Ti-b.Al-4\’ 
has  demonstrated  the  potential  of  the  (trocess  to  [»rodu<e  material  with  acce|itable  (pialitv  and 
mechanical  properties.  However,  due  to  the  limited  sco|)e  of  1,('F  testing  on  forgings  with 
[iret'erred  microstructure  (here  was  instd'ficient  dat.a  to  re.ach  a  firm  conclusion  as  to  the 
acceptability  of  noiu'onsumable  melted  material  for  rotiiting  |)arts  in  turbine  engines, 

Tbe  investigated  molten  salt  bath  process  was  the  Frankel  Co.  Molten  Salt  Chemical 
Furification  f’roccss.  Phase  I  effort.s,  sub.stanliated  hv  data,  have  realized  potential  from  a 
grinding/sludge  scrap  jiroduct  that  is  presently  considered  worthless.  The  results  were  promising 
enough  to  warrant  continued  evaluation  in  I’hase  fl. 

The  Strategic  Materials  Reclamation  Seminar  and  Scrap  Survey  initiated  the  Phase  1  scrap 
management  work.  They  showed  that  some  aerospace  idants  deny  the  existence  of  any  scrap 
problem  or  treat  their  scrap  metal  like  rubbish  and  dispose  of  it.  The  individual  company's 
management  must  recognize  the  problem  and  act  to  replace  their  insufficient  collection  system 
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with  a  recommended  system  ol  recvclint;.  Implementation  ol  the  lollowint;  aerost)ace  scrap 
recycling  areas  would  lead  to  an  improved  system: 

•  Segregated  Titanium  Turnings  Any  step  which  eliminates  the  presence  of 
dense  inclusions  will  tend  to  increase  the  use  of  titanium  turnings.  The 
increased  use  of  nonconsumahle  and  KB  furnaces  should  also  increase 
aerospace  scrap  titanium  turnings  recycling. 

•  (^ast  Superalloys  A  tnajor  i)ortion  of  scrap  Irom  cast  nickel  alloys,  often 
blades  and  vanes,  is  not  recycled  for  aerospace  sera])  use.  Kfforts  to  find  ways 
to  include  these  valuahle  alloys  in  the  aerospace  recycling  program  should  he 
fostered. 

•  All  Aerospace  Metals  Kfforts  should  he  made  to  increase  the  allowable 
scrai)  used  in  both  rotating  and  nonrotating  parts  Major  improvements  in 
processor's  abilities  to  provide  guaranteed  chemistry  should  be  lonsidered 
when  considering  liberjilized  specifications. 

•  .All  Aerospace  Scrap  Me  als  Kfforts  can  and  should  be  made  to  increase  t  he 
quality  of  aerospace  scrai)  metals  generated  at  aerospace  manufacturing 
plants.  Methods  for  accomplishing  this  are  spelled  out  in  the  Mixiel  System 
program,  another  facet  of  this  Strategic  Material  Reclamation  Program, 

•  All  Aerospace  Scrap  Metals  Consideration  should  be  given,  where 
applicable,  to  rehix  restrictions  that  recpiire  allovs  to  be  prodnci'd  onK-  from 
the  same  alloy  composition.  In  addition,  all  critical  material  specificat ions 
should  include  maximum  tramp  element  .  so  that  melters  mav  know  the 
limits  for  those  major  alloying  elements  not  included  in  a  particular  grade. 

Both  of  these  suggestions  were  supported  at  the  Strategic  Matt-rial  Ut-clama- 
tion  Seminar.  May  1971. 

The  review  of  industry  controls  showed  that,  in  general,  controls  that  were  applied  to  scrap 
usage  for  nickel  alloys  were  less  severe  than  those  applied  to  titiinium  alloys.  .Also,  nickel  alloys 
are  more  tolerant  than  titanium  alloys  of  common  contaminiint  sources  such  tis  frictional  or  heat 
treat  scaling  and  fractured  tool  bits.  Finally,  many  raw  material  users  rely  upon  the  experience 
and  procedures  of  the  principal  users  with  regards  to  their  applicitt  ion  of  maximum  controls  over 
raw  material  suppliers.  Thus,  the  suppliers  benefit  from  this  semi  standardization  of  procedures. 

The  Model  Scrap  Handling  System,  which  was  described  in  detail  in  this  report,  maintains 
that  some  or  many  of  its  techniques  could  produce  a  signilicant  improvement  in  t  he  qnalit  v  ot  an 
aerospace  plant’s  scrap  metal.  Again,  a  company  must  recognize  its  own  probletns  and  appiv 
wholeheartedly  the  [trinciples  of  the  system  if  it  is  to  reap  the  benetits 

Early  in  Phase  II  an  analysis  of  the  Aerospace  Scrap  Seminar  was  made.  It  was  found  that 
the  aerospace  industry  has  a  predominant  need  for  a  cost-effective,  reliable  separation  of 
titanium  scrap  as  compared  to  their  need  for  nickel  scrap  .separation.  This  led  to  a  redirection  of 
the  program  by  termination  of  separation  work  on  Ni  scrap  turnings.  Ti  scrap  turnings  and  Ni 
grindings  and  sludges  were  analyzed  for  the  remainder  of  the  program. 
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The  Frankel  Co.  fluidized  bed  density  separation  process  was  .selected  by  P&WA  for  further 
development  under  Phase  II  on  the  basis  that  the  process  was  being  used  in  commercial 
production  with  reasonably  established  operating  parameters  and  operating  costs.  The  Phase  II 
Fluidized  Bed  Processing  results  are  summarized  below: 

•  Machined  titanium  turnings  contained  a  high  concentration  of  unintended 
high  (WC  and  .steel)  and  low  (stones,  etc.)  density  contaminants.  The  need 
for  improvements  in  scrap  management  and  handling  at  each  generator  is 
obvious  to  reduce/eliminate  this  contaminant  situation. 

•  The  aforementioned  separation  procedure,  including  screening,  magnetic  and 
fluidized  bed  separation,  ajjpears  very  effective  in  removal  of  these 
contaminants. 

•  Almost  all  detectable  contaminants  were  removed  after  the  first  pass  of  the 
fluidized  bed  separation  as  defined  by  representative  inspection  of  separation 
reject  material. 

•  The  application  of  the  two  additional  fluidized  bed  separation  passes, 
followed  by  a  nonconsumable  skull  melting  separation,  should  insure  removal 
of  these  contaminants  from  the  recovered  titanium  chips  and  allow  the 
utilization  of  scrap  in  rotating  gas  turbine  engine  hardware. 

The  Teledyne-ALLV’AC  nonconsumable,  rotating  electrode,  arc  skull-melting  process  was 
chosen  for  Phase  II  titanium  melting  on  the  basis  of  the  established  procedures  applied  and  the 
acceptable  data  generated  in  Air  Force  Contract  F;i361.'i-7‘2-C-l  126.  During  Phase  II.  it  was  noted 
that  stray  chips  that  fell  into  the  ingot  mold  cavity  frequently  contaminated  the  melting 
.separation  proce.ss.  Teledyne-ALLVAC  modified  both  the  furnace  and  the  process  operation 
procedures  to  correct  this  problem.  They  then  melted  the  unseeded  and  contaminant -seeded  lots 
(nominally  5000  tb  each)  of  titanium  chips  that  completed  the  triple-pass  density  separation 
process  described  above  (Frankel  Co.  fluidized  bed  separation). 

A  quantity  scale-up  of  sui)eralloy  grindings  and  sludges  i)rocessing.  required  to  establisli 
process  economics,  were  accomplished  in  Phase  II.  Two  1 100  lb  lots  ('I  Ni  sludge  were  processed. 
While  metal  recovery  was  considered  high  in  both  runs,  it  was  judged,  based  upon  the  chemical 
analysis,  that  there  was  no  further  appreciable  benefication  attained  diiring  vacmim  indviction 
remelt  ing  following  arc  melting.  This  ctaicinsion  agrees  wit  h  earlier  Pha.se  1  ef  fort .  The  electric  arc 
melting  proi'ess  warranted  further  scale-up  for  Phase  111  process  economica  analysis. 

In  Phase  III,  four  titanium  TF-Tl  disks  (two  from  each  heat )  were  forged  from  the  Teledyne- 
AI.IA'AT  nonconsumable  melting  process  used  in  Phase  11.  Each  of  the  disks  was  examined 
metallographically.  One  disk  from  each  master  heat  underwent  a  fcdl  cut-up  to  determine 
mechanical  properties.  The  residls  from  both  the  metallographic  evaluation  and  the  mechanical 
property  determination  proved  that  reclamation  of  titanium  turnings  is  feasible  for  use  in 
rotating  gas  turbine  parts. 

Phase  III  brought  a  scale-up  to  production-cpiantity  of  superalloy  Ni  grinding  sludge.  Six 
thousand  pounds  of  sludge  were  processed  through  convent iomd  drying  and  electric  arc  air 
melting  operations,  including  the  use  of  air-lancc's.  I'lie  final  chemical  composition  vs  initial 
chemical  composition  comparison  and  the  economic  analysis  pertormed  on  the  process  show  that 
reclamation  of  \i  su[)eralloy  grinding  sludge  is  profitahlc.  Maximum  saxings  occur  when  the 
material  is  recvcled  into  the  original,  or  a  similar,  conqxisition  due  to  llu'  redviced  reciuirements 
lor  pun  hasing  100'.  virgin  alloy. 
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APPENDIX  A 


MODEL  SCRAP  HANDLING  SYSTEM 


A.  INTRODUCTION 

1.  Background  Information 

Pratt  &  Whitney  Aircraft,  under  Contract  F;?.'i615-74-C-5()19  with  the  Air  Force  Materials 
Laboratory,  has  conducted  a  three-phase  program  tt>  establish  systems  and  techniques  for 
effective  reclamation  of  titanium-  and  nickel-base  scrap.  Precontract  surveys  indicated:  (I) 
significant  amounts  of  aerospace  scrap  are  downgraded  beyond  reclamation  potential  by 
inadequate  handling,  and  (2)  aerospace  contractors  are  receiving  little  or  no  compensation  for  the 
value  of  scrap  removed  from  their  facilities.  Both  problems  projected  the  opportunity  to  upgrade 
the  process  of  aerospace  scrap  reclamation  at  the  point  of  origin.  As  a  result,  the  Air  Force 
approved  a  contract  to  define  and  implement  a  Model  System  for  the  handling  of  aerospace 
scrap.  P&WA  contracted  F’hase  I  of  the  task  to  Suisman  &  Blumenthal.  Inc.,  a  scrap  metal 
salvage  firm  located  in  Hartford,  Connecticut .  The  Model  .System  guidelines,  as  discussed  herein, 
were  implemented  at  a  selected  aerospace  plant  during  Phase  II.  and  documented  in  final  form 
during  Phase  III  of  the  contract. 

2.  Work  Objectives 

The  prime  objective  is  to  make  available  guidelines,  or  techniques,  which  will  assist 
manufacturing  plants  in  simple  <ind  profitable  recycling  of  their  titanium  and  nicke'  tierospace 
scrap  metals.  The  overall  program,  directed  towards  maximum  remelting  of  titanium-  and 
nickel-base  scrap  into  aerospace  use,  has  the  following  major  ('bjeetives: 

1.  I.ower  overall  aerospace  costs 

2.  Conserve  material  resources  within  the  I'niled  States  and  reduce  foreign 
dependency 

Financially  strengthen  the  generators  of  the  aerospace  scrap.  ;uid 

I.  Save  energy  costs. 

The  I  S.  .Mr  Force  personnel  stressed  the  objectiv(‘  ot  lower  overall  aerospace  cost  at  a 
Strategic  Miiterials  Heclamation  .Seminar  held  Mav  l!»71  in  Hartford,  Connecticut.  Seminar 
part  i<  ipants  corroborated  the  idea  that  melting  costs  might  he  lowered  it.  under  controlled  steps, 
gre.iler  amounts  of  aerospace-(jualily  scrap  were  available  and  I'ould  he  melted  In  all  other  areas 
of  scrap  metals,  the  price  of  scrap  which  a  consumer  pays  is  ladow  that  of  virgin  metal;  this 
I)attern  is  well  documented  with  nickel-alloy  scrap  metal  both  in  air  and  vaiaium  melt 
purchasing.  l  itamum  scrap  has  also  undersold  the  virgin  material  (sponge),  usuallv  by  wide 
rn.irgins.  So.  if  raw  mat  erial  costs  tor  nickel  and  t  it  .an  in  m  are  lowered  on  I  he  .average,  it  is  s.afe  to 
assume  oxer.all  aerospace  costs  will  he  minimized 

For  Lack  ot  domest  ic  market  s.  much  oti  gr.ade  t  it  an  in  m  sera))  and  some  nickel  hearing  scra|) 

(  most  Iv  si a miess  st eel  I  has  Inaai  exi)orIed.  I levelopnumts  under  the  reel.amat  ion  program,  which 
tend  to  |iroduce  scra[)  met. a  I  cr|  acrosp.-u  c  qu.alit  v  and  pro\ide  domest  ic  out  let  s  lor  that  scrap,  will 
I'onserve  nickel  and  titanium  in  the  I’niled  Stales.  .'>ince  most  virgin  materials  lor  both  titanium 
and  nickel  are  imported,  increased  melting  of  aerospace  sera |i  metals  will  exiTt  a  positive  ettect 
on  the  1  lilted  States  balance  ot  pavmenis.  From  a  sell  sufficiiaicv  viewpoint,  everv  pound  ot 
scrap  consumed  lessens  depeiuhane  on  overseas  metal  supplies. 
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Increasing  the  quality  of  aerospace  scrap  will  financially  benefit  the  generator  of  the  scrap. 
Conversely,  the  failure  to  handle  nickel  and  titanium  scrap  metals  correctly  will  cause  intermixes 
which  are  among  the  most  costly,  on  a  percentage  droji  in  value,  of  any  in  the  metals  field. 

One  neglected  area  which  magnifies  the  importance  of  scrap  recycling  in  the  aerospace  f  ield 
is  energy  conservation.  Energy  savings  achievable  through  recycling  titanium  scraf)  compared 
with  virgin  material  utilization  are  illustrated  below; 


Virgin 

material 

requirement 

KVVH/l'on 

126.11,5 


.Scrap 
met  al 

requirement 

KWH/1\>n 

,52.416 


KWH 
savings  for 
each  ton  of 
scrap  metal  used 
7:1.699 


Barrels 
of  oil  saved 
for  each 

ton  of  scraj)  metal 
4:i.4 


3.  Scope  and  Purpose  of  Model  Scrap  Handling  System 


The  projected  Model  Scrap  Handling  System  will  apply  specifically  to  all  aerospace  scrap 
titanium  alloys,  and  to  those  nickel  alloys  of  20‘  ,  or  more  nickel  content  which  are  hy])roducts  of 
an  aerospace  manufacturing  plant.  The  system  does  not  puritose  to  include  all  methods  for 
aerospace  scrap  handling.  Local  variations  are  expected  and.  in  fact,  will  he  encoiiraged 
ccmsidering  the  rate  of  change  in  the  aerospace  industry. 


Ideas  have  come  from  aerospace  manufacturers,  processing  experience  and  scrap  reclama¬ 
tion  programs  of  the  melters,  but  basically  the  system  has  worked  successfully  in  aerospace 
manufacturing  plants.  Techniques  used  over  many  years  to  recycle  steel,  aluminum,  copper  and 
other  nonferrous  scrap  at  industrial  plants  were  reviewed,  combined  with  methods  developed  for 
the  problems  unique  to  aerospace  metals  and  finally  supplemented  on  the  basis  of  the 
subcontractor’s  wide  and  specialized  experience  with  aerospace  metal  salvage  systems. 

The  Model  System  aims  to  generate,  for  sale  to  dealer  or  processor,  segregated  aeros|)ace 
scrap  metal  which  can  most  readily  be  converted  to  that  standard  of  excellence  required  by 
aerospace  melters.  Experience  has  shown  that  manufacturing  i)lants  using  these  guidelines  will 
be  able  to  produce  scrap  that  is  90  to  95‘V  free  of  .seriotts  contamination.  If  a  plant  does  not  have 
a  carefully  planned  and  fully  implemented  scrap  salvage  )irogram.  the  chances  are  very  high  that 
nickel  and  titanium  alloys  will  be  mixed  or  contaminated.  If  the  physical  form  is  a  turning,  the 
.scrap  may  well  be  lost  permanently  for  aerospace  recovery.  Even  in  scrap  solids,  unnecessary 
mixtures  can  inhibit  or  preempt  recycling  for  aerospace. 


B.  MODEL  SCRAP  HANDLING  SYSTEM  GUIDELINES 

The  Model  .System  consists  of  Major  and  .Supplementary  (luidelines.  The  major  guidelines 
(a-o)  are  presented  in  chronological  order  starting  at  the  point  of  original  scrap  generation;  the 
supplementary  guidelines  (p-x)  suggest  educational  and  procedural  factors  to  reinforce  the  major 
guidelines. 


1.  Major  Guidelines 
a.  Management  Responsibility 

Systems  designed  to  obtain  maximum  quality  and  cpiantity  depend  on  leadership;  the 
model  system  is  no  exception.  The  concern  of  lop  management,  and  the  dedication  I'f  a  scrap 
salvage  department  manager  are  vital  elements,  but  the  benefits  of  the  system  start  with  a 
machine  shop  foreman.  His  assigned  responsibilities  over  the  personnel  and  the  machines  that 
produce  scrap  must  include  decisive  resixinsihilily  for  correct  segregation  of  that  scrap. 
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In  addition,  leadership  at  the  ground  level  is  necessary  to  defeat  certain  quasi-historical 
attitudes  about  scrap;  “Scrap  is  junk,”  “I  won’t  bother  with  that  because  I  only  care  about 
making  the  most  parts  I  can  in  the  least  time,”  “What's  the  difference  if  I  mix  titanium  and 
Inconel;  they'll  never  know. ..or  know  it  was  mine.”  etc.  The  machine  shop  foreman  has  a  clear 
responsibility  for  the  scrap  which  his  department  generates;  the  absence  of  this  responsibility  will 
unquestionably  decrease  the  quantity  of  aerospace  scrap  initially  produced  and  surely  diminish 
the  value  of  the  scrap  byproduct. 

b.  Adequate  Space  Around  the  Machines 

If  there  is  one  single  difficulty  to  be  found  in  every  type  of  industrial  plant,  large  or  small, 
which  inhibits  the  flow  of  quality  aerospace  scrap,  it  is  overcrowding.  The  rapid  changes 
characteristic  of  aerospace  manufacture  in  contra.st  to  the  more  traditional  production  operations 
necessitate  “shoehorning"  of  machines  into  already  crowded  areas. 

The  penalties  are  clear.  Overcrowding  can  cause  mixtures  of  two  different  metals  because 
the  space  for  a  container  for  the  next  metal  was  not  available.  .Sweepers  cannot  enter  the  machine 
area  to  remove  full  containers  in  sufficient  time.  In  addition,  the  lack  of  access  around  machines 
can  deter  machinists  or  chipmen  from  properly  cleaning  between  runs  of  different  alloys. 

A  model  scrap  handling  system  demands  that  adetpiale  s))ace  he  reserved  around  the 
generating  machines  for  facile  housecleaning.  In  addition,  sufficient  aisles  must  be  established 
and  maintained  so  that  the  valuable  aerospace  scrap  can  be  removed  easily.  To  do  otherwise  is 
to  forget  the  byproduct  nature  of  aerospace  .scrap;  it  has  to  be  removed  on  a  continuous  basis 
anyway,  so  why  not  ‘‘engineer"  that  removal  for  efficiency  and  tor  generation  ol  ejuality  aerospace 
scrap  metal. 

c.  Machine  Dedication 

In  a  model  system,  careful  planning  would  take  into  account  not  only  the  standard  demands 
ot  machine  layout,  hut  also  the  benefits  of  machine  dedication. 

The  [irocessing  of  one  alloy  on  a  single  machine,  or  the  machining  of  one  type  of  metal  (e.g.. 
titanium  or  high-nickel  alloys)  around  one  area  of  machines,  tends  to  produce  cleaner,  less 
contaminated  scrai).  The  validity  of  this  premi.se  is  evident  b\’  the  variation  in  qualities  of 
aerospace  scrap  now  available  from  American  manufacturers.  Larger  companies,  which  generally 
make  longer  production  runs,  produce  scrap  of  markedly  superior  quality.  The  small  machine 
shop  not  only  has  limited  scrap  control,  but  also  tends  to  work  a  wide  variety  of  metals  and  alloys 
on  each  machine.  The  multiuse  of  machines  breeds  scrap  intermixture.  Although  most  plants 
already  have  well-estahlished  machine  placements,  the  goal  would  be  to  establish  machine 
dedication  in  terms  of  metals  and  alloys  as  departments  are  moved  or  rearranged,  or  whenever 
aerospace  plant  engineering  has  the  luxury  of  starting  from  scratch. 

d.  Take-Away  Systems 

Take-away  systems  refer  to  those  mechanical  devices,  predominantly  conveyors,  which 
transport  scrap  from  the  cutting  area  of  machines  to  nearby  containers.  The  most  common 
“system  "  of  scrap  removal  from  machines  is  by  hand  labor,  i.e.,  there  is  no  conveyor.  The 
operator  simply  pushes,  shoves  or  sccatps  the  scrap  which  accumulates  around  his  machine  into 
some  nearby  container.  Not  only  is  this  type  of  removal  an  absolute  maximization  of  labor,  but 
contrary  to  our  purposes,  it  is  the  greatest  guarantee  of  mixed  aerospace  scrap.  Clips  or  chips  can 
easily  gather  around  machine  areas.  Only  careful  attention  to  the  aerospace  scrap  will  segregate 
the  various  grades  and  alloys  between  different  “runs." 
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Contrasted  with  the  hand  labor  method  of  removal  is  the  system  of  various  conveyors  which 
automatically  carry  away  the  scrap.  These  systems  are  not  panaceas,  for  they  still  require  that 
the  ofjerator  use  judgment  and  careful  attention  to  avoid  contamination  in  the  conveyor  parts. 
Conveyor  systems  are  installed  either  with  the  original  equipment  or  after  a  parent  machine  is  in 
place  and  operating.  The  latter  installation  is  unusual  since  it  really  amounts  to  a  redesign  of  the 
machine  operation,  and  as  such,  it  is  costly  and  inhibited  by  normal  manufacturing  inertia. 

Concurrent  with  the  original  purchase  of  a  miichine.  it  is  possible  and  simple  to  consider  the 
problems  of  the  machine  byproduct,  its  scrap  metal.  The  simple  step  of  selecting  standard  or 
optional  scrap  disposal  equipment  with  a  machine  —  this  step,  if  incorporated  as  one  of  the 
s|iecifications  of  machine  purchasing  —  would  bring  aerospace  scrap  removal  and  recycling  closer 
to  production.  Considering  the  high  cost  of  such  machines  in  the  aerospace  industry,  such  a 
reqviirement  should  be  Standard  Operating  Procedure. 

The  basic  take-away  system  in  an  aerospace  plant  is  a  mechanical  conveyor  system  from  the 
machine  dnqrping  into  a  nearby  hopper  or  .skid.  A  take-away  system,  along  with  a  “dedicated" 
machine,  will  tend  to  yield  the  purest  of  aerospace  scrap,  entirely  appropriate  to  the  model 
system. 

e.  In-Plant  Containers 

The  selection,  abundance,  maintenance  and  identification  ol  in-plant  scrap  containers  are 
also  of  major  significance  to  the  model  system.  Since  ideally,  the  machine  operator  and  his 
foreman  are  (or  should  he)  trying  to  have  aerospace  scrap  removed  Irom  the  machine  and 
machine  area  as  expeditiously  as  possible;  the  process  requires  the  systematic  organization  of  in- 
(ilant  containers. 

As  to  the  type  tor  types)  of  containerts).  that  decision  may  vary  within  each  plant  ba.sed  on 
scrap  volume.  Types  of  containers  include  small  shop  boxes,  steel  barrels  (.oo-gal).  self-dumping 
hoppers  on  skids  or  wheels  and  pallet  boxes  (which  do  not  easily  dump).  The  small  boxes  are 
almost  always  placed  at  machines  to  capture  small  pieces  which  may  then  he  centralized  in  a 
nearby  larger  tinit.  .Although  the  container  size  depends  on  the  size  and  quantity  of  scrap  being 
generated,  the  minimum  appears  to  be  steel  drums  with  a  hopper  or  skid  system. 

A  major  pitfall  t<'  he  avoided  in  handling  aerospace  metal  scrap  is  the  use  of  oversized 
containers.  The  .o5-gai  steel  barrels,  for  exam|)le.  are  almost  always  the  “right"  container  for 
high-nickel  or  titanium  turnings,  because  such  a  barrel  constitutes  a  segregation  system  in  itself. 
If  the  scrap  is  placed,  for  example,  in  40  barrels,  the  chances  are  that  good  segregation  will  take 
place  naturally  as  the  chips  or  turnings  come  off  the  machine,  .'should  a  few  of  the  40  barrels  he 
mixed  or  contaminated,  these  can  be  individually  sorted  out  at  the  plant's  scrat>  salvage 
department  or  by  the  processor.  However,  with  the  same  40  barrels  intermixed  in  a  large 
container  or  (ruck  body,  the  contamination  would  in  all  likelihood  [ler^ade  the  whole  lot  and 
eliminate  its  highest  value  as  aerospace  melt  material. 

Also  to  be  avoided  is  a  continuing  short  supply  ot  containers.  This  structure  seems 
elemental,  yet  one  pervasive  difficulty  ol  aerospace  plant  scrap  salvage  departments  is  an 
adequate  su|)ply  of  containers.  Why  does  this  happen"  Not  enough  containers  to  start  with, 
commandeering  for  nonscrap  purposes  (e  g.,  rubbish),  normal  attrition  as  containers  wear  out  or 
are  damaged.  Whatever  the  cause,  the  absence  ol  a  proper  scrap  container  at  a  convenient 
location  generates  scrap  contamination. 

Akin  to  the  <|uantity  of  containers  is  their  (pialilv.  espi'ciallv  their  cleanliness  and 
appearance.  Barrels  must  lie  cleared  ol  previous  material  entirely,  must  he  maintained  by 
washing  and  painting,  and  kei)(  in  g(Mid  repair.  (Quality  breeds  (|ua!ily  it  savs  to  the  machinist. 


346 


“This  is  important."  An  adequate  supply  of  quality  containers  for  aerospace  scraj)  accumulation 
tacitly  encourages  careful  segregation  at  the  machine. 

And  finally,  the  container’s  identification,  if  carefully  planned,  can  lie  do  much  to 
encourage  aerospace  scrap  segregation.  Color-coded  barrels  or  containers  simplify  the  segrega¬ 
tion.  If  large  runs  of  one  metal  or  alloy  are  expected,  lettering  on  the  containers  is  worthwhile,  hut 
if  containers  are  interchanged  among  alloys,  fags  or  metal  ciip-ons,  indicating  the  alloy,  are  more 
practical. 

f.  Sweeper  Control 

Sweeper  personnel  remove  the  aerospace  scrap  from  the  machine  areas  and  transport  it  to 
the  Scrap  Salvage  Department.  Sweepers  must  not  only  be  well  schooled  in  the  plant  layout  and 
the  manufacturing  systems,  but  must  also  be  aware  of  their  important  role  in  an  aerospace  scrap 
metal  program.  Unfortunately,  sweepers  seem  to  be  the  first  victims  of  an  economy  drive,  but 
that  drive  often  turns  out  to  be  a  false  economy.  The  contradiction  of  the  sweeper  force  presages 
higher  intermixtures  of  valuable  aerospace  scrap,  and  can.  in  a  few  days  of  scrap  generation,  cost 
far  more  than  the  intended  .saving. 

g.  Container  Tagging  Systems 

Tagging  systems  vary  from  plant  to  plant,  but  the  basic  princi()lc  is  that  each  container 
should  be  identified  with  a  securely  tied  (steel  wires  are  best  I  tag.  Minimally,  the  tag.  attached 
at  the  machine  or  in  the  machine  area,  must  indicate  the  basic  alloy  content  of  the  container. 

.At  the  .Scrap  Salvage  Department,  additional  information  is  either  added  to  the  machine 
tag  or  new  tags  attached.  The  weight  of  the.scrap.  date  of  shipment  and  an  identifying  numbering 
system  all  contribute  to  the  careful  control  of  aerospace  scrap.  Some  plants  use  barrel  tags  to 
tlesignate  the  departments  from  which  the  scrap  came  and  color-code  the  tags  to  identify  which 
shift  generated  the  scrap. 

h.  Catch-All  Grade 

•Just  as  ail  salmtm  do  not  succeed  in  returning  to  the  si)awning  grounds,  all  aerospace  scrap 
will  not  reach  aerospace  recycling.  .Some  scrap  will  be  mixed  through  carelessness,  some  because 
it  is  machined  simultaneously  with  another  metal,  perhaps  some  because  the  metal  was  bonded 
(bi-metal)  and  some  will  become  contaminated  in  later  processing.  Whatever  the  cause,  a 
separate  collection  system  for  this  scrap  should  be  available  so  that  it  will  not  be  intermixed  with 
high  quality  aen'space  scrap,  and  its  value,  although  low,  will  not  be  wholly  lost. 

I.  Scrap  Salvage  Department  Location 

The  first  eight  guidelines  to  a  Model  .Scrap  Handling  .System  deal  with  generation  of 
aerospace  scrap  at  the  machine  and  within  the  manufacturing  areas  of  the  plant.  With  those 
guidelines  in  place,  (he  scrap  will  make  it  to  the  plant  .Scrap  Salvage  Department.  The  word 
de|)artment  (singular)  is  significant,  for  in  the  majority  of  plants,  a  single,  r.ither  than  two  or 
more  scrap  areas,  is  most  desirable.  The  location  of  a  Model  Scrap  Salvage  Department  should 
l)e  convenient  to  the  generation  source  (or  sources)  of  aerospace  scrap  w  hile  ))ro\  iding  easv  access 
for  scraf)  removal. 

Centrality  to  scrap  generation  minimizes  the  distance  traveled  to  the  scrap  salvage 
department,  and  to  that  extent  compresses  the  cost  of  intra()lati(  scr;i|)  handling  .A  less  obvious 
lienefit.  important  to  aerospace  scrap  as  opposed  to  less  valuable  tviies  of  metallic  scrap,  is  the 
ease  with  which  .scra|>  salvage  department  personnel  can  mow  into  the  tnanulac  luring  areas  I'o 
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maintain  hifjh  aerospace  quality,  with  due  concern  for  variations  of  nickel  and  titanium  alloys 
and  specification  change,  scrap  salvage  department  personnel  must  constantly  move  in  and  out 
of  the  generating  departments.  Easy  access  will  facilitate  this  work  and  pay  dividends  In- 
anticipating  and  avoiding  aerospace  .scrap  quality  problems. 

/.  Adequate  Space  In  the  Scrap  Salvage  Department 

If  location  is  important,  so  too  is  the  adequacy  of  space  in  the  Scrap  .Salvage  Department. 

The  Model  System  needs  a  well-laid-out,  commodious  Scrap  Salvage  Department  that 
provides  elbow  room  to  adequately  handle  a  projected  volume  of  valuable  scrap  metal.  Adequacy 
of  space  in  the  Scrap  Salvage  Department  will  accomplish  two  important  tasks:  it  will  allow  all 
material  to  be  moved  in  and  out  freely,  minimizing  “double  handling"  and  it  will  avoid  scrap 
intermixing  within  the  department. 

k.  Simple  Testing  Systems 

Once  the  aerospace  scrap  metal  has  arrived  at  the  Scrap  Salvage  Department,  it  must  be 
checked  for  quality.  The  overall  approach  is  one  of  spot -checking,  attempting  to  weed  out 
incorrect  gradings  and  contaminated  lots.  If  the  Model  System  approach  has  been  followed  a 
high  percentage  of  containers  will  arrive  at  the  Scrap  Salvage  Department  area  already  in 
segregated  condition  suitable  for  shipment. 

Scrap  Salvage  Department  personnel  should  adjudge  the  physical  uniformity  of  material 
within  a  container.  If  that  uniformity  exists,  spot -checking  pieces  and  testing  with  a  hand  magnet 
will  help  spot  magnetic  contaminations  within  a  container.  In  addition,  .several  makes  of 
thermoelectric  testers  are  available.  These  testers  operate  on  a  “Go-No-Go"  basis,  identifying 
pieces  which  match  a  known  sample.  While  not  inexpensive,  the  cost  will  more  than  pay  for  itself 
in  allowing  scrap  personnel  to  test,  in  a  simple  way,  the  correctness  of  individual  containers  of 
solids  and  turnings.  The  color  of  aerospace  metals  is  of  .some  value  as  a  means  of  identity.  Copper, 
brass,  aluminum  and  other  nonferrous  contaminations  can  be  determined  by  color.  In  most 
common  aerospace  intermixture,  that  of  titanium  with  nickel-based  alloys  and  vice  versa,  can 
also  be  detected  by  competent  Scrap  Salvage  Department  personnel,  both  by  color  and  texture. 
Another  simple,  although  limited,  system  to  control  aerospace  scrap  quality  is  an  inspection  for 
mill  or  plant  markings  on  solids.  This  system  is  also  limited  by  the  lack  of  markings  on  many 
pieces  by  the  time  they  reach  the  Scrap  Salvage  Department.  One  other  caution;  mill  or  plant 
markings  may  be  incorrectly  stamped,  and  therefore,  insidiously  dangerous  as  quality 
determinants  for  aerospace  end  use. 

Since  the  goal  is  the  constant  production  of  aerospace-potential  metal  at  least  9r>' i 
.segregated  at  the  Scrap  Salvage  Department  level,  the  testing  methods  listed  above  will  be 
sufficient  if  they  are  preceded  by  the  machine-to-scrap  salvage  department  techniques  of  the 
Model  System. 

l.  Scrap  Weight 

Minimally,  a  Model  System  must  have  a  platform  scale  (with  automatic  printout)  in  the 
Scrap  Salvage  Department  to  measure  the  weight  of  completed,  ready-to-ship  aerospace  scrap  — 
that  weight  to  be  recorded  on  the  container’s  tag. 

If  one  or  more  aerospace  items  are  produced  in  truckload  quantities,  then  a  truck  scale  may 
be  needed.  To  ju.stify  the  expense  of  a  truck  scale,  other  nonaerospace  items  of  scrap  (e.g.,  steel 
scrap)  would  presumably  be  generated  and  with  perhaps  nonscrap  requirements  for  truckload 
weighing,  also  be  weighed  on  the  scale.  A  truck  scale  should  be  at  least  60  ft  in  length  with  a  .W- 
ton  capacity,  have  an  automatic  printout,  and  be  all-weather  in  design. 
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m.  Truck  and  Trailer  Access 


To  assure  the  flow  of  metal  through  and  out  of  the  Sera])  Salvage  Deijartment.  easy  passage 
should  he  engineered  for  those  service  vehicles  which  will  transport  the  metal  automatic  dock 
hoards,  ample  width,  sufficient  truck  wells,  clear  visihility  to  hack  u[).  clear  passage  to  the  truck 
.scale  (if  any)  and  street,  etc.  Again,  all-weather  protection  for  the  aerospace  sera))  being  loaded 
on  the  vehicle  is  part  of  a  Model  System. 

n.  Feedback  of  Incorrect  Grading 

Despite  a  Model  System  or  the  diligence  of  the  Scrap  Salvage  Department  manager  and  his 
I)ersonnel.  errors  will  take  place.  'I'he  yearly  generation  of  aerospace  scrap  metal  at  even  a 
medium  size  machine  shop  will  consist  of  hundreds  of  thousands,  if  not  millions,  of  individual 
"parts”  —  the  individual  pieces  of  solids  and  turnings.  It  is  impossible  for  every  "part"  to  be 
correctly  sejiarated. 

One  vital  facet  of  aerospace  scrap  salvage  is  the  feedback  of  informat  ion  about  grade  errors. 
The  receiver  of  the  scrap  must  promptly  advise  the  aerospace  plant  of  any  major  and/or 
continuing  misgrade  difficulty,  noting  the  precise  shipment  and  containe’  (if  possible)  in  which 
the  contamination  took  place.  Conversely,  the  aerospace  plant  personnel  should  recognize  the 
information  as  an  opportunity  to  avoid  similar  contamination  in  the  future  by  retracing  the 
contaminated  scrap  to  its  source.  In  some  ca.ses.  misgraded  scrap,  and/or  samples  should  he 
returned  to  the  aerospace  plant. 

.A  running  record  should  he  kept  at  a  Model  System  plant  as  to  which  areas  or  departments 
are  generating  the  contaminated  materials.  This  will  allow  the  pinpointing  of  trouble  areas  and 
the  highlighting  of  progress  in  improving  aerospace  scrap  tpiality. 

o.  Quality  Dealer/Processor  Service 

The  services  of  a  qualified  scrap  dealer  or  processor  apitear  to  he  "highly  desirable"  as  the 
final  element  in  a  Model  Scrap  Handling  System.  This  firm  could  he  expected  to  assist  in  setting 
up  the  Model  System,  having  a  working  experience  with  titanium  and  nickel-base  alloys,  provide 
a  wide  market  for  aerospace  scrap  and  most  significantly,  obtain  the  highest  return  for  the  scrap 
producer. 

Customer  service  by  a  qualified  scrap  dealer  will  include  assistance  with  aerospace  scrap 
segregation,  speedy  removal  of  scrap  accumulation,  feedback  information  on  faulty  quality  and 
rapid  return  of  plant  containers.  A  symbolic  relationship  between  scrap  dealer  and  producer 
becomes  most  evident  when  scrap  metals  are  not  "moving."  The  reliable  scrap  firm  will  provide 
a  "home”  for  producer's  scrap  metal  at  particular  times  when  c<'nsumers  (melters)  may  not  be 
buying. 

2.  Supplementary  Guidelines 

A  Model  System  is.  hopefully,  now  establi.shed  from  machine  to  scrap  salvage  department 
and  scrap  salvage  department  to  receiver.  But  considering  the  difficulties  to  be  expected, 
reinforcement  of  the  system  should  be  effected.  These  efforts  are  educational  and  procedural,  but 
will  nonetheless  be  significant  in  the  success  of  an  aerospace  .scrap  handling  program. 
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a.  Name  of  Department 


“Scrap  Salvage  Department"  or  “Scrap  Control  Department"  should  be  emi)loyed.  not 
merely  "Scrap  Department."  The  constructive  facets  of  the  [trogram  are  thus  emphasized, 
tending  to  challenge  the  idea  that  scrap  is  "junk."  and/or  worthless.  Younger  em))lovees 
especially,  are  interested  in  conserving  natural  resources  and  emphasis  on  recycling  salvage 
should  help  enlist  their  support. 

b.  Color  Coding 

Wherever  possible,  try  to  code  the  alloys  by  color.  'I'he  uses  of  color-coded  barrels  and 
department  tags  have  already  been  mentioned.  Larger  containers,  such  as  hoppers,  also  can  be 
painted  to  indicate  the  contained  alloy. 

c.  Simplification  of  Grades 

This  process  involves  the  combining  of  two  or  more  aerospace  allovs  into  one  plant  scrap 
classification.  Inconel,  for  example,  comes  in  a  variet\  ol  designations,  all  of  which  cotitain 
TO-T'V  f  nickel,  with  a  need  to  isolate  only  those  conttiining  dilialt. 

d.  Designation  Dissimilarity 

In  a  .Model  System,  the  aerosp.ice  plant  should  a\'oid  tise  ot Comptinv'.  mill,  or  trade  names 
in  the  aerospace  field  which  are  very  similar  to  and  ettsily  mistaken  for  other  dissimilar  ttlloys, 
.AM.S  and  .A.MS  .aiift.a  are  H.S,  .'il  and  21.  respectivelv.  For  claritw  designate  .\MS  ridH2  for 
one  type  of  operation  and  H.S.  21  for  itnother. 

e.  Concept  Values 

For  successful  aerospiice  scrttp  recycling,  com-epts  are  necessary  ingredients  ol  a  Model 
System,  i.e..  the  importattce  of  aerospace  scr.tp  for  company  profits,  saving  \'ital  ntuional  raw 
materials,  aerospace  scrtti)  its  a  normal  and  ituftoriani  comf)an\'  product  or  bx  irrodiicl .  These 
concepts  shovild  be  integrated  into  the  tntining  and  education  progritms  of  the  aerospace  phuit. 
FAentually.  the  banana  peel  will  not  be  tossed  into  the  barrel  ot  comm(‘rciitll,\  pure  titanitim 
ttirnings, 

f.  Procedures 

The  Model  System  should  be  woven  intocompanx  ))roceriures  spelling  out  the  responsibility 
for  its  handling  and  the  forms  to  be  used  in  fuKilling  these  responsibilities. 

g.  Alloy  Designation  Changes 

rhange  is  chartict eristic  of  aerospace  engineering,  itnd  ti  tangible  evidence  ot  that  chtuige  is 
the  subst  it  ut  ion  of  one  titanium  alloy  for  another  or  a  new  nickel -based  alloy  to  replace  a  pre\  ions 
specification.  Il  will  be  mandatory  to  advise  the  byproduct  niiinager,  the  head  ol  the  scrap  sahtige 
department,  of  any  alloy  change. 

h.  Plant  Problem  Areas 

The  experimental  and  research  areas  ol  a  plant  are  opeiiiting  in  difterent  modes  trotti  the 
production  area:  different  ''production"  goals,  different  machining  nMiuirements.  short  spurts  ol 
scriip  as  opposed  to  production  rtms.  Fhese  sources  ol  si  ra)).  ;is  well  as  others  such  as  repair 
deptirt ments.  will  inherentlv  produce  lower  <|ualily  nickel-based  and  titanium  aeros|)ace  scrap. 
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The  safest  course  is  to  quarantine  these  areas  from  production  runs  of  aerospace  scrap,  beinjj 
certain  that  it  is  not  intermixed  with  high  quality  production  scrap  unless  quality  is  checked 
meticulously. 

I.  Off-Grade  Generation 

■lust  as  some  areas  tend  to  produce  contaminated,  mixed  scrap,  some  types  of  aerospace 
production  will  spin  out  scrap  which  is  mixed  at  the  machine  itself.  Examples  of  this  unavoidably 
low-grade  aerospace  scrap  are  cuttings  from  two  different  alloys  or  metals  which  are  machined 
simultaneously  or  the  production  of  scrap  punchings,  perhaps  titanium,  so  small  that 
intermixture  of  the  alloys  is  virtually  unavoidable. 

Again,  these  possibilities  must  be  faced  so  that  these  generations  of  aerospace  scrap, 
probably  a  small  percentage  of  the  whole,  do  not  contaminate  carefully  segregated  nickel-based 
or  titanium  alloys.  The  off-grade  accumulations  should  be  kept  out  of  the  mainstream  by  placing 
them  in  one  of  the  catch-all  grades. 

C.  MODEL  SYSTEM  COSTS  AND  EVALUATION 

1.  Costs 

The  implementation  of  the  Model  System  will  involve  costs.  These  costs  can  be  anticipated 
and  their  reality  should  be  neither  minimized  nor  exaggerated.  Capital  costs  will  fall  into  four 
areas:  floor  space,  internal  materials  handling  equipment,  testing  equipment,  and  external 
transport  containers  and  vehicles. 

The  floor  space  need  not  be  an  inordinate  areti.  T(h>  large  an  area  would  actually  decrease 
the  efficiency  of  aerospace  scrap  recycling.  Conversely,  some  space  would  be  required  for  nickel- 
base  and  titanium  scrap  even  if  it  were  treated  as  rubbish,  so  fhitt  the  net  s))ace  needed  would  be 
incremental  as  necessary  to  do  an  adetptate  iob. 

Likewise,  it  would  be  necessary  under  jtll  circumsliinces  lo  ha\e  transport  tor  moving 
metallic  scrap  from  machine  aretis  to  a  centralized  area.  The  incremental  needs  an  adetpiate 
su()|ily  of  the  correctly  designed,  smartly  painted  containers  would  be  minimal.  Purchase  ot 
the  take-awav  conveyors  to  facilitate  removal  of  chips  and  solids  from  the  machines  would  in 
most  cases  necessitate  an  increased  capital  expense;  an  expense,  however,  that  should  quickly 
pay  for  itself  in  reduced  labor  and  higher  iterospace  scrap  \;dues 

Testing  equipment  would  retpiire  a  capital  outlav.  but  the  losts  are  modest  and  the  higher 
return  on  scrap  values  would  be  immediately  realizable  and  clearK  visible. 

No  capital  expense  should  be  incurred  for  the  transport  containers  and  vehicles.  If  the  scrap 
firm  meets  the  requirements  of  full  service,  this  etpiipment  should  be  provided  at  no  cost  to  the 
aerospace  plant. 

Operating  costs  will  overwhelmingly  be  for  personnel  the  .Sera))  Salvage  Department 
Manager,  personnel  in  the  Scrap  .Salvage  Department,  and  chipmen/sweepers.  The  number  of 
people  involved  will  relate  directly  to  the  size  of  the  plant  and  its  volume  of  aerospace  scraj).  In 
a  small  plant,  the  .Scrap  Salvage  Department  Manager,  for  example,  will  in  all  likelihood  have 
other  duties  and  only  a  portion  of  his  time  will  be  chargeable  to  the  Model  System.  .Simila-'v.  the 
tiumber  <f  full  or  part-time  peoftle  in  the  .Scrap  Salvage  Department  will  relate  to  the  volume  of 
aerospace  scraf).  'ITie  size  of  the  corps  of  chipmen/sweepers  must  be  adequate,  but  only  the 
increment. 'll  number  ot  man-hours  attributable  to  the  caret ul  flow  ot  good  quality  aerospace  scrap 
should  be  chargeable  to  the  progn.m  itself 
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The  story  of  Plant  X  is  illustrative.  'I’his  aerospace  plant  had  been  throwing;  all  its  scrap 
tofjether.  aerospace  scrap  and  steel  scrap  and  havint;  it  hauled  away  to  a  local  outlet.  Almost  no 
revenue  was  bein;;  realized  and  no  aerospace  quality  scrap  not  one  pound  -  was  se^refjated. 
When  the  (leneral  Manager  was  shown  that  with  a  minimum  of  effort  his  aerospace  scrap  coidd 
he  easily  segregated,  steps  were  taken  to  implement  the  program.  Within  two  months,  a  scraf) 
handling  program  vvas  organized,  and  19  items  hati  been  segregated.  The  plant's  second  monthh' 
check  was  for  $4.1(K).  At  last  count,  this  plant  had  27  items  and  received  an  average  of  .S14.(K)()  per 
month. 

Relative  to  the  costs  involved  in  this  accomplishment,  the  (leneral  Manager  stated  that  “it 
was  not  a  big  deal.  '  The  mo.st  important  tasks  were  to  explain  the  system  to  management  and 
establish  the  discipline  of  the  .system  with  salvage  personnel  and  machine  operators.  He  stated 
that  there  were  virtually  no  capital  costs  involved,  since  the  in-plant  containers  were  supplied  by 
the  scrap  firm  which  received  the  aeros|)at  e  scraj).  His  operating  costs  increased  by  an  estimated 
40  man-hours  per  week  to  collect  and  weigh  the  segregated  scrap. 

.Vot  all  conversions  to  the  .Model  System  will  come  about  as  simply  or  as  inexi)ensivel>  as 
in  Riant  X,  and  the  results  may  not  be  as  dramatic.  Hut  when  the  capital  and  operating  costs  are 
totaled,  it  will  become  clear  that  the  incremental  costs  of  the  Model  System  are  modest.  The 
reason  for  this  is  that  the  most  basic  part  of  a  Model  System  is  not  the  equipment/people 
investment  but  rather  the  organizational  change. 

2.  Measurement  of  Successful  Application 

Once  the  ke>'  jneces  of  the  .system  —  Management.  Scrap  Salvage  llepartment  Manager 
and  a  scrap  firm  —  are  in  place,  the  practical  goal  of  aerospace  rei’ycling  success  appears  simitle. 
All  scrap  shipped  by  the  manufacturer  shotild  be  minimally  95*.  of  the  chemistry  ascribed  to  it. 
and  conversely,  the  scrap  firm  buying  the  aerospace  scrap  should  exftect  no  more  than  5',  off- 
grade  material  in  any  container. 

For  example,  if  the  manufacturer  ships  2t(  barrels  of  Hastelloy  X  turnings  and  19  of  them  are 
uniform  and  uncontaminated,  then  that  generator  of  scrap  has  accomi)lished  an  ('utstanding  job 
of  recycling.  Or.  if  ."itXK)  lb  of  Ti-6A1-4V  solids  are  soid  and  at  least  dT.'iO  lb  are  Ti-6A1-4V,  the 
Scrap  Salvage  Department  Manager  knows  that  he  has  met  the  minimum  expected  of  his 
department.  Not  that  .nOOO  lb  would  have  not  been  better,  but  the  manufacturing  plant  simply 
cannot  turn  out  complete  chemistry  on  a  daily  basis,  and  even  if  a  shipment  were  uniform  in 
chemistry,  its  cleanliness  (cutting  oil),  surface  condition,  physical  size  and  packaging  would  in  all 
likelihood  he  unmatched  to  melter  requirements. 

The  statistical  measure  of  scrap  handling  success  is  ))rofit -oriented.  It  is  the  point  to  which 
a  manufacturer  can  aspire  without  incurring  major,  usually  diminishing-return  exitenses.  The 
cost  of  removal  of  that  last  5'i  will  be  exorbitant  and  untjrofitably  expen.si\e  to  attain.  Yet  even 
if  the  plant  is  only  partially  successful,  and  only  a  small  percentage  of  the  scrap  ends  up  as  fully- 
segregated  turnings,  the  plant  will  derive  larger  payments  for  its  aerospace  scrap. 

Finally,  a  study  at  one  plant  showed  that  the  difference  between  nickel-based  and  titanium 
alloys  which  were  not  mixed,  and  those  which  were  mixed  and/or  contaminated,  varied  between 
$0.04  and  $0.94/tb  over  a  10-year  period.  During  that  decade.  Ti-6A1-4V  solids  averaged  in  the 
area  of  $0.91/tb  over  the  unsegregated  counterpart  grade;  in  turnings,  the  comparable  average 
was  -W.  1.4/lb.  In  nickel  alloys.  Inconel  solids  averaged  about  $0. .76/lb  over  mixed  nickel  alloy 
solids,  while  Inconel  turnings  showed  a  corresponding  price  advantage  of  $0. 60/lb  over  intermixed 
nickel  alloy  turnings.  These  typical  values  of  segregated/unsegregated  alloys  show  the  economic 
benefits  attainable  with  a  Model  .Sy.stem  for  .scrap  reclamation. 
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O.  SUMMARY 


N(i  pnihleni  can  he  snhed  nnlil  it  is  rcc(i{;iiize(l  and  a  serious  determination  is  made  to 
resolve  it;  techniques  for  soliition  can  then  he  implemented. 

Aerospace  [)lants  ha\e  sometimes  denied  the  existence  of  a  scrap  prohlem  and  some  have 
treated  their  scrap  metal  like  ruhhish  and  disposed  ot  it.  There  was  no  problem  exiept  ((jr  the 
extraordinary  tinancial  and  raw  material  waste.  'I'he  will  to  replace  a  slo[)pv  collection  svsiem 
with  a  trvie  system  ot  rec  ycling  must  exist  or  he  develo[)ed  hy  the  company's  manaeemeni .  With 
determination,  some  or  many  of  the  technirpies  of  this  Model  System  can  iiroduce  a  si^mificant 
improvement  in  the  <|uality  of  the  aerospace  plant’s  scraj)  metal.  Our  present  and  (viiure 
dependence  on  the  outstanding;  (|ualities  of  nickel  and  titanium  deserves  no  less. 
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APPENDIX  B 


RESIDENCE  TIME  CALCULATIONS  IN  FERROFLUID  SEPARATOR 


The  transit  time  ofa  titanium  partiile  is  a  functinn  of  th(‘  forces  actinu  on  it .  T’he  ecniation 
of  motion  for  this  particle  is  niven  by; 
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where: 


V  Volume  of  particle, 
density  of  particle. 

V  distance  in  vertical  direction, 

t  time. 

('ll  drat;  coefficient. 

Fi,  body  force. 


The  body  force  is  triven  bv: 
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where: 

c  itcceleration  of  j;ravity. 

itl'  (ihysical  rien.sift' o/  fcrronuid. 

M.  matrnetic  dipole  moment  per  unit  volume  of  thi'  ti-rrofluid. 

M.  rnatrtH'tic  di|)ol(>  moment  |)er  unit  volume  of  tlu*  particle. 

Cl  imposed  vertical  masrnetic  lu'ld  v'radient  actini;  in  the  direction  of  cravitv. 

The  "apiiarent"  densities  of  the  lerronuifl.  and  the  |iarticle.  p are  defined  as: 
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riie  bodv  ibree  relation  tFapiation  A'JI  mav  thereloia'  be  rewritten  as: 
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Perrofluid  1224  has  a  viscosity  of  0.035  poise,  and  titanium  has  a  density  of  4.5  gin/cm’.  For 
a  value  of  t  =  0.56  sec.  the  condition  r„f/v  •^l  satisfied  if  the  particle  size  is  greater  than 
0.28  cm  or  approximately  0.1  in. 

In  the  separation  test  program,  the  ferrofluid  density  was  4.7  gm/cm’  or  greater,  .so  that  a 
residence  time  of  0.56  sec  is  the  longest  residence  time  considered.  The  various  lots  of  scrap 
processed,  with  the  exception  of  Lot  03.  were  all  screened  over  a  1/8-in.  screen  to  remove  fines. 
The  pieces  of  titanium  being  treated  are  thus  large  enough  to  satisfy  the  condition  {'[,t/v''  1  even 
though  they  are  not  spherical.  There  is  less  drag  on  a  thin  plate  than  on  a  sphere  of  equivalent 
size.  Thus,  for  Lot  03,  the  use  of  the  previous  erpiations  to  characterize  transit  time  may  be 
inaccurate  due  to  the  presence  of  roughly  10‘V  fines  in  the  ♦  1/8-in,  turnings. 
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